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PRjvGTICAL CONSIDERATIONS IK THE RECONCILIATION OF THE DIRECT AND INDIRECT 
METHODS 0? MEASURING THE AIR-EARTH CURRENT 
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PRACTICAL CONSIDERATIONS I N TflK P.EGONCILIATIO:- OF THE I)IPT::CT 
AND INDIRECT MET'^ ODS OF MEASURING TH!] AIR-EARTK CUPRENT 
Progress i n any f i e l d o f s c i e n t i f i c i n t e r e s t i s o f t e n advanced bv the 
f a i l u r e t o f i n d agrsement betv;een tv;o d i f f e r e n t approaches to a p a r t i c u l a r 
measurement i n t h e f i e l d . T h i s i s =o because i t f o r c e s a t t e n t i o n on the 
t h e o r y behind the measurements ejid the c o n d i t i o n s under which the measure-
ments '.vere made. 
Such a probleiE i s i d e n t i f i e d i n the f i e l d o f Atmospheric E l e c t r i c i t y ^ 
D i f f e r i n g r e s u l t s have been found f o r the value of the f i n e weather a i r -
e a r t h c u r r e n t v/hen measured by the " i n d i r e c t ' ' and " d i r e c t ' ' methods of 
approach. The i n d i r e c t method i n v o l v e s the r e c o r d i n j o f the f i n e weather 
c o n d u c t i v i t y and the p o t e n t i a l g r a d i e n t and e q u a t i n g t h e i r product w i t n 
the c o n d u c t i o n c u r r e n t . I n the d i r e c t method, the t o t a l charge a r r i v i n g 
at a p o r t i o n of the e a r t h ' s s u r f a c e i s measured. The d i r e c t method, 
though more d i f f i c u l t , appears t o be the more fundamental measurement and 
a c r i t i c c i . 1 r e v i e w o f p r e v i o u s experiments and the hypotheses a t t e m p t i n g 
t o e x p l a i n t h e i r d i f f e r i n g r e s u l t s , i s made. The l i m i t a r , i o n s of work 
at ground l e v e l , i n t h a t i t p r e d i c t s a system from the examination of one 
of tr.e system's bounda r i e s , i s i n d i c a t e d . 
The e x p e r i m e n t a l px^oblems a s s o c i a t e d w i t h the d i i ^ e c t and i n d i r e c t 
metriods are d e s c r i b e d w i t h p a r t i c u l a r r e f e r e n c e t o the s i t e - u s e d f o r the • 
measurement of atmospheric e l e c t r i c i t y a t Durham Observatory. I n 
p a r t i c u l a r , the e f f e c t s of p o l l u t i o n and the displacement c u r r e n t are 
dis c u s s e d and some d e t a i l s of an u n s u c c e s s f u l attempt t o devise a form 
of t h e d i r e c t method t h a t would enable the t r u e magnitude o f any c o n v e c t i o n 
c u r r e n t to be found, are g i v e n . 
SufiTestions are made f o r the measurements r e q u i r e d an.d the c o n d i t i o n s 
under which they s h o u l d bo made i f the f i n a . l r e s o l u t i o n of those 
d i f f e r e n c e s i n the r e c o r d i n g o f the f i n e weather a i r - e a r t h c u r r e n t i s t o 
be a c h i e v e d . 
R.R, DARSLEY 
M.Sc. 
1969 
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CHAPTER 1. DEFINITION OF THE PROBLEM 
1.1. I n t r o d u c t i o n . 
A b r i e f p e r u s a l o f the c o n t i n u a l l y i n c r e a s i n g number o f s c i e n t i f i c 
j o u r n a l s o f t e n l e a d s t o th e o p i n i o n t h a t the progress i n science i s a 
suc c e s s i o n o f minute advances on a very broad f r o n t , each gathered 
f a c t c o n t r i b u t i n g t o th e knov/ledge s t o r e . But any system r e l y i n g on 
an a r b i t r a r y a c c u m u l a t i o n o f i n f o r m a t i o n w i l l n o t advance, save by 
chance, u n l e s s i t has d i r e c t i o n . Chance d i s c o v e r i e s t h e r e have been, 
and p r o b a b l y more than the f o r m a l standards of s c i e n t i f i c v.'ritings 
a l l o v ; . Among these were t h e d i s c o v e r i e s o f s u l p h a n i l a m i d e by E h r l i c h and 
Domagh w h i l e v/orking on azo-dyes i n 1950, and o f p e n i c i l l i n by Fleming 
as a r e s u l t o f n o t i c i n g a p p a r e n t l y i n s i g n i f i c a n t d e t a i l s o f h i s c u l t u r e s , 
l i might be argued t h a t these d i s c o v e r i e s are r e f l e c t i o n s on the c h a r a c t e r 
o f the v/orkers r a t h e r t h a n on the success of the 'normal' s c i e n t i f i c 
process o f f a c t - g a t h e r i r . g . For normal science i s not l o o k i n g f o r 
fundamental n o v e l t i e s , b ut f o r t h e or d e r e d p a t t e r n a c c e p t a b l e t o i t s 
b a s i c commitments and the unexpected d i s c o v e r y i s thus not s o l e l y 
f a c t u a l i n i t s r e s u l t . 
Roentgen (1) i n t e r r u p t e d a normal i n v e s t i g a t i o n i n t o the p r o p e r t i e s 
o f cathode r a y s because he had noted t h a t a barium p l a t i n o c y a n i d e 
screen, a t some d i s t a n c e from h i s s h i e l d e d a p p a r a t u s , glowed when discharge 
was i n p r o g r e s s . F u r t h e r i n v e s t i g a t i o n showed t h a t the cause of the glow 
came i n s t r a i g h t l i n e s from the cathode ray tube, cast shadows t h a t c o u l d 
not be d e f l e c t e d by a magnet .and was an agent w i t h some s i m i l a r i t y t o 
l i g h t . 
The announcement o f X-rays was r e c e i v e d not o n l y w i t h s u r p r i s e , but 
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v / i t h some shook, f o r people had been u s i n g cathode ray tubes .for some t i m e . 
A l t h o u g h X-ray? were not d i r e c t l y p r o h i b i t e d by t h e o r y , f o r the l i g h t 
spectrum c o n t a i n e d v i s i b l e , i n f r a - r e d and u l t r a - v i o l e t areas, they d i d 
v i o l a t e deeply entrenched e x p e c t a t i o n s . 
The d i s c o v e r y o f anomalies thus produees a s t a t e o f t e n s i o n w i t h i n the 
accepted t h o u g h t , f o r a change i n the r u l e s may r e f l e c t on much s c i e n t i f i c 
work t h a t appears t o have been s u c c e s s f u l l y completed. 
I f t h e r e i s no major t h e o r y t o cover an area o f science, then t h e r e 
tends t o be a r a t h e r n e g a t i v e r e s t a t e m e n t o f the fundaments of the f i e l d 
w i t h l i t t l e p r o g r e s s , as i n the case o f e l e c t r i c i t y , where i n the e a r l y 
b e g i n n i n g s o f i t s s c i e n t i f i c s t u d y , t h e r e were t h r e e segments o f o p i n i o n . 
Some f e l t t h a t a t t r a c t i o n and f r i c t i o n a l g e n e r a t i o n were the basic 
e l e c t r i c a l phenomena w i t h r e p u l s i o n , a secondary e f f e c t , due t o mechanical 
r e b o u n d i n g . A very s m a l l group h e l d t h a t a t t r a c t i o n and r e p u l s i o n were 
phenomena o f equal magnitude and t h e t h i r d s c h o o l regarded e l e c t r i c i t y 
as a ' f l u i d ' r u n n i n g t h r o u g h conductors and t h e i r a t t e m p t s t o capture t h i s 
f l u i d l e d t o the Leyden j a r . I t was the concern o f F r a n k l i n and h i s 
immediate successors t o c-xplain the behaviour o f t h i s new e x p e r i m e n t a l 
f a c i l i t y which produced a major t h e o r y o f e l e c t r i c a l behaviour. 
The a l i g n m e n t of t h o u g h t around a major t h e o r y leads t o t h e s e l e c t i o n 
o f experiments w i t h f a r more p r e c i s e d e t a i l and r e q u i r i n g more s p e c i a l i s e d 
equipment. The normal s c i e n t i f i c s t u d i e s o f f a c t c o l l e c t i o n and t h e o r y 
a r t i c u l a t i o n become h i g h l y d i r e c t e d a c t i v i t i e s and r e s u l t i n s c i e n t i f i c 
papers d e s c r i b i n g i n v e s t i g a t i o n s o f minute areas w i t h very much reduced 
• v i s i o n . T h i s f o r c e s a s t u d y i n depth and d e t a i l v/hich may b r i n g up abnorm 
- a l i t i e s t h a t would o t h e r w i s e be o v e r l o o k e d and i n t u r n , these a b n o r m a l i t i e s 
may l e a d t o the overthrow o f the o r i g i n a l major t h e o r y . 
There i s alv/ays an element o f c r i s i s i n t h i s method of s c i e n t i f i c 
p r o g r e s s . Indeed the l a r g e r the c r i s e s , the more major the creak w i t h 
accepted t h e o r y . Newton's t h e o r y o f l i g h t and col-our was put f o r w a r d 
because none o f the e x i s t i n g t h e o r i e s would account f o r the l e n g t h of 
the spectrum and the wave t h e o r y r e p l a c e d Newton's because of the growing 
concern w i t h d i f f r a c t i o n and p o l a r i s a t i o n e f f e c t s . ( 2 ) . ( 3 ) . 
Thermodynamics was d e r i v e d from the c o l l i s i o n o f two e x i s t i n g 
n i n e t e e n t h c e n t u r y p h y s i c a l t h e o r i e s ( 4 ) and quantum mechanics from 
d i f f i c u l t i e s w i t h black-body r a d i a t i o n , s p e c i f i c heat and the p h o t o e l e c t r i c 
t h e o r y . ( 5 ) , 
Normal s c i e n c e i s not n e c e s s a r i l y d i f f e r e n t i a t e d from c r i s i s science 
by a l a c k o f discrepancies-, but the r e s e a r c h v/orker must be s e n s i t i v e t o 
the importance o f the d i s c r e p a n c y t h a t c o n f r o n t s him..- I t miay r e q u i r e time 
b e f o r e i t can be s a i d v/hether a d i s c r e p a n c y i s o f importance t o the 
s t r u c t u r e o f a t h e o r y . I t was s i x t y years a f t e r Newton's o r i g i n a l comput-
a t i o n t h a t the d i s c r e p a n c y o f the p r e d i c t e d motion of ;he moon's perigee 
t o t h a t o f the observed motion c o u l d be shov/n by C l a i r a n t t o be o n l y due t o 
the mathematics of a p p l i c a t i o n , and would not r e q u i r e an a l t e r a t i o n of • 
Nev/ton's i n v e r s e square law. ( 6 ) , 
I t may r e q u i r e e x p e r i m e n t a l t e c h n i q u e s more advanced t h a n can be 
p r o v i d e d a t the t i m e , as w i t h K e p l e r , who i n I628, noted t h a t the t a i l s 
o f comets alv/ays curved away from the sun and c o r r e c t l y assigned t h i s 
c u r v a t u r e t o a pressure e x e r t e d by t h e sun's r a y s ; y e t t h i s c o u l d not be 
e x p e r i m e n t a l l y demonstrated i n a l a b o r a t o r y u n t i l 1901, when the e f f e c t s , 
o f r a d i a t i o n p r e s s u r e were noted on d e l i c a t e t o r s i o n a l bale^nces. 
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I t may a l s o r e q u i r e i n t e r p r e t a t i o n as w i t h the d i s c o v e r y o f Uranus. 
Between I69O and I 7 8 I , seventeen d i f f e r e ? ; i t astronomers had seen s t a r s i n 
p o s i t i o n s now c a l c u l a t e d t o be t h a t o f Uranus a t - t h a t ti:r.e. I n I769, an 
astronomer had observed i t f o r f o u r days w i t h o u t n o t i c i n g any motion. 
H e r s c h e l , i n I 7 8 I , p r o v i d e d the e x p e r i m e n t a l advance r e q u i r e d , w i t h a 
new t e l e s c o p e o f h i s own d e s i g n , and saw a d i s c shape which \vas unusual f o r 
s t a r s . He d i d not i d e n t i f y i t u n t i l he had g i v e n i t f u r t h e r s c r u t i n y and, 
n o t i c i n g i t s motion, he then announced t h a t he had seen a nev; comet. 
There were t h e n s e v e r a l months o f f r u i t l e s s , a t t e m p t s t o f i t i t s o r b i t t o 
a cometary m o t i o n b e f o r e L e x e l l suggested t h a t i t might be a p l a n e t . ( 7 ) 
The advent o f r a d i o - a s t r o n o m y has meant t h a t astronomy i s s t i l l an 
area where anomalies r e q u i r e judgement as t o whether they support and 
c o n f i r m t h e major t h e o r y or v/hether they v . ' i l l become the v e x a t i o n s t h a t 
l e a d t o t h e c r i s i s p o i n t i n the major t h e o r y ' s e x i s t e n c e . 
C l o s e r t o the e a r t h ' s s u r f a c e , the study o f Atmospheric E l e c t r i c i t y , 
which had i t s b e g i n n i n g s i n the e a r l i e s t work on e l e c t r i c i t y , has 
i n c r e a s i n g l y f e l t the b e n e f i t o f modern e l e c t r o n i c s . The i n c r e a s e d 
s e n s i t i v i t y i n measurement t e c h n i q u e s and the development o f continuous 
r e c o r d i n g have begun t o c o u n t e r a c t the d i f f i c u l t y o f r e p r o d u c i n g 
e x p e r i m e n t a l c o n d i t i o n s , which i s one o f the major problems o f any a p p l i e d 
d i s c i p l i n e whose u l t i m a t e experiments must be under g e o g r a p h i c a l or 
atmospheric c o n d i t i o n s . 
These advances i n e x p e r i m e n t a l technique have enabled study i n g r e a t e r 
d e t a i l and a t g r e a t e r depth than' b e f o r e and t h i s , as might be expected, 
has r e s u l t e d i n apparent disagreement i n the e x p e r i m e n t a l d e t e r m i n a t i o n 
o f - v a r i a b l e s fundamental t o the f u r t h e r advance o f the s c i e n c e . 
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The aim o f t h i s work i s t o d e s c r i b e the development o f one such 
problem i n the f i e l d o f Atmospheric E l e c t r i c i t y and t o examine the 
p o s t u l a t e s on which the m a t t e r r e s t s . S p e c i f i c a l l y the problem i s t h a t 
of t h e measurement o f the e l e c t r i c a l c o n d u c t i o n c u r r e n t t o the e a r t h ' s 
s u r f a c e under c o n d i t i o n s o f f i n e weather and i t s r e l a t i o n t o the o t h e r 
major e l e c t r i c a l v a r i a b l e s o f the atmosphere. 
1.2. Fine V/eather E l e c t r i c a l Phenomena. 
The e f f e c t s o f l i g h t n i n g f l a s h e s and thunderstorms have been a source 
o f av/e and v/ondering s i n c e the b e g i n n i n g of h i s t o r y . The r e l i g i o u s 
s i g n i f i c a n c e o f l i g h t n i n g as t h e evidence f o r , or the r e t r i b u t i o n o f , 
the gods, has e x i s t e d up t o q u i t e modern times and a more domestic 
e l e c t r i c a l phenomenon i n t h e a t t r a c t i v e f o r c e s o f s t a t i c e l e c t r i c i t y has 
been known almost as l o n g as man's c i v i l i s e d e x i s t e n c e . Indeed the study 
o f s t a t i c e l e c t r i c i t y was a t t e m p t e d by Thales o f M i l e t u s i n the 6th 
c e n t u r y B.C. 
I t i s not s u r p r i s i n g t h e r e f o r e t h a t the id e a of l i g h t n i n g . a n d t h u n d e r -
as a l a r g e - s c a l e v e r s i o n o f some o f the e f f e c t s o f s t a t i c e l e c t r i c i t y 
and i t s c o r o l l a r y , t h a t e l e c t r i c i t y e x i s t s i n the a i r , s h o u l d have 
e x i s t e d f o r many y e a r s , WALL(1708) v/ould appear t o be the e a r l i e s t 
i n v e s t i g a t o r t o r e c o r d t h i s s u g g e s t i o n as a r e s u l t o f h i s o b s e r v a t i o n s . 
There were s e v e r a l s u b j e c t i v e accounts of t h i s comparison b u t , as has been 
mentioned, i t r e q u i r e d the development o f the Leyden j a r and e a r l y 
e l e c t r i c a l machines f o r t h e b e g i n n i n g o f o b j e c t i v e measurements o f e l e c t r i c 
d i s c h a r g e s . 
The e a r l y workers a t t e m p t e d t o prove the presence o f e l e c t r i c i t y i n 
t h u n d e r c l o u d s and perhaps t h e most well-known o f those engaged i n t h i s , 
somewhat hazardous t a s k was FR;vNKLIN(l750, 1752) who f l e w a k i t e w i t h a 
c o n d u c t i n g s t r i n g ending on an i n s u l a t i n g r i b b o n . F r a n k l i n was a c t u a l l y 
f o r e s t a l l e d by D'ALIBARD(1752) who o b t a i n e d sparks t o an e a r t h e d w i r e from 
an i n s u l a t e d - i r o n r o d . LEM0NNIER(1752), w i t h apparatus s i m i l a r t o 
D ' A l i b a r d ' s , f i r s t observed t h a t e l e c t r i c a l e f f e c t s c o u l d be o b t a i n e d 
even i n f i n e weather which was q u i t e unexpected. His appar a t u s , an e a r l y 
p a ssive p r o b e ( q . v . ) c o n s i s t e d o f an i r o n s p i k e d wooden p o l e , from which 
an i r o n v;ire was l e d i n t o a b u i l d i n g . T h i s w i r e , w i t h o u t making any 
o t h e r c o n t a c t s , ended on a s t r e t c h e d s i l k f i b r e . He c o u l d o b t a i n sparks 
from the e l e c t r i f i e d i r o n w i r e i n f i n e weather and noted t h a t p a r t i c l e s 
o f dust were a t t r a c t e d t o i t . He suspected a v a r i a t i o n i n these f i n e 
v/eather e f f e c t s w i t h the time o f day. BECCARIA confirmed t h i s i n 1?75 
and determined t h a t h i s v;ire was p o s i t i v e l y charged i n f i n e weather. 
DE SAUSSURE(1779) v/as pr o b a b l y the f i r s t t o d i s c o v e r an annual v a r i a t i o n 
i n the s i z e o f f i n e weather e l e c t r i c a l e f f e c t s . He developed a form o f 
e l e c t r o m e t e r and used i t i n a v.'ay t h a t f o r e r a n a l l methods o f measuring 
p o t e n t i a l g r a d i e n t dependent or. bound charge. DE RO r i A S ( 1 7 5 5 ) u s i n g a 
k i t e , found f i n e weather e f f e c t s a t . a s i m i l a r time t o Lemonaier. 
As l a t e r workers c o n t i n u e d t h e i r i n v e s t i g a t i o n s i n t o atmospheric 
e l e c t r i c a l e f f e c t s , they e s t a b l i s h e d t h a t the a c t i v e r e g i o n o f the 
atmosphere caio a t any one time be d i v i d e d i n t o areas of charge g e n e r a t i o n , 
m a i n l y a s s o c i a t e d w i t h the development o f thunderstorms, a-'d areas o f 
charge d i s s i p a t i o n , the f i n e weather areas where the e a r t h r e c e i v e s a 
c u r r e n t o f p o s i t i v e charge. The c u r r e n t c y c l e i s thus from the thunder-
storm, t o p t o the e l e c t r o s p h e r e , from t h e r e t o a f i n e weather area, then 
to t i i e e a r t h where i t i s r e t u r n e d t o the thunderstorm base. The term, 
e l e c t r o s p h e r e , a l l o w s r e f e r e n c e t o the c o n d u c t i n g area o f the ionosphere 
w i t h o u t r e f e r e n c e t o the ionosphere's ov/n p r o p e r t i e s . I n the f i n e weather 
area, i t was esta,blished t h a t the t h r e e most i m p o r t a n t v a r i a b l e s were the 
p o t e n t i a l g r a d i e n t , the c o n d u c t i v i t j r and the c o n d u c t i o n c u r r e n t and i t i s • 
the i n t e r - r e l a t i o n o f these p r o p e r t i e s t h a t i s o f concern. 
1.2.1. P o t e n t i a l G r a d i e n t , 
The d e f i n i t i o n o f the p o t e n t i a l d i f f e r e n c e between tv;o ]poir:ts i s t h a t 
i t i s the mechanical work per u n i t char.ge necessary t o move a s m a l l p o s i t i v e 
charge from one p o i n t t o a n o t h e r . I n atmospheric e l e c t r i c i t y , i t i s not 
p o s s i b l e zo f i n d out about e l e c t r i c a l c o n d i t i o n s o u t s i d e the e l e c t r o s p h e r e 
and t h u s t h e r e i s no mea.ns o f c a l c u l a t i n g the work done i n b r i n g i n g a charge 
from an i n f i n i t e d i s t a n c e t o ea.rth. T h e r e f o r e i n place o f the zero 
p o t e n t i a l o f t h e o r e t i c a l e l e c t r o s t a t i c s , the p o t e n t i a l s u r f a c e o f the e a r t h , 
a con d u c t o r , i s taken a.s zero and a l l p o t e n t i a l s are measured r e l a t i v e t o 
i t . T h i s i s p e r m i s s i b l e as a l l the formulae are concerned v/ith d i f f e r e n c e s 
o f p o t e n t i a l . From, c o n d u c t i v i t y measurements a t v a r i o u s h e i g h t s , the t o t a l 
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columnar r e s i s t a n c e o f a column o f a i r o f 1m c r o s s - s e c t i o n fro.m tne e a r t h 
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t o the e l e c t r o s p h e r e has been f o u n d - t o be about 10 ohms. T h i s means t h a t 
the e l e c t r o s p h e r e i s o f a p o t e n t i a l o f about 3.6 x lO^V w i t h r e s p e c t t o the 
e a r t h , ( G l S i l , 1951), f o r t h e r e s i s t a n c e o f t h e v/hole atmosphere i s 200ohms. 
The r a t e o f change o f p o t e n t i a l w i t h d i s t a n c e g i v e s the f o r c e a c t i n g 
on a charged body. The d i r e c t i o n of the f u r c e i s such as t o move a 
p o s i t i v e l y charged body t o a p o s i t i o n o f lower p o t e n t i a l . 
E l e c t r i c I n t e n s i t y S = v;here ~ i s the P o t e n t i a l Gra.dient. The 
dx' dx 
p o t e n t i a l g r a d i e n t and e l e c t r i c a l i n t e n s i t y a r e , i n t h i s v/ork, l a r g e l y , 
v e r t i c a l . The'earth's s u r f a c e i s a conductor so t h a t the p o t e n t i a l 
g r a d i e n t a t i t s s u r f a c e and cl o s e t o i t must be v e r t i c a l . The change i n 
d i s t a n c e dx i s t h e r e f o r e a change i n h e i g h t and i s measured p o s i t i v e l y 
upv/ards. 
Under normal f i n e weather c o n d i t i o n s , the p o t e n t i a l V i n c r e a s e s w i t h ' 
j i e i g h t , so t h a t ~ i s p o s i t i v e and thus E n e g a t i v e . To a v o i d s i g n ax 
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c o n f u s i o n , F = i s used f o r p o t e n t i a l g r a d i e n t . ' F i s then p o s i t i v e i n 
f i n e weather. V e r t i c a l c u r r e n t s i n the atmosphere w i l l be taken as 
p o s i t i v e i f b r i n g i n g a p o s i t i v e charge downwards. The c o n d u c t i o n c u r r e n t 
w i l l then be p o s i t i v e i n a p o s i t i v e p o t e n t i a l g r a d i e n t . 
Measurement of the p o t e n t i a l g r a d i e n t i n f i n e weather a t d i f f e r e n t 
h e i g h t s above the e a r t h ' s s u r f a c e has shown t h a t t h e r e i s l i t t l e change 
i n the f i r s t few minutes d e s p i t e the e l e c t r o d e e f f e e t . ( q . v . ) At h e i g h t s 
above a p p r o x i m a t e l y 100 metres, the p o t e n t i a l g r a d i e n t shows a p r o g r e s s i v e 
decrease w i t h height.(CHALMERS - 1957) 
1.2.2. C o n d u c t i v i t y . 
C o n s i d e r a b l e v;ork on the n a t u r e o f atmospheric c o n d u c t i v i t y has sho'wn 
t h a t i o n s , p a r t i c l e s o f m o l e c ular s i z e or l a r g e r , c a r r y i n g p o s i t i v e or 
n e g a t i v e charges, c o n s t a n t l y disappear by c o m b ination w i t h i o n s of the 
o p p o s i t e s i g n , or are changed i n t o i o n s of a g r e a t e r s i z e by combination 
w i t h uncharged p a r t i c l e s . There must t h e r e f o r e be some compensatory 
•nechanism. f o r t h e p r o d u c t i o n of i o n s . Three processes have been found 
t o c o n t r i b u t e t o t h i s mech?.nism. l o n i s a t i o n i s caused by 1. cosmic 
r c d i a t i o n , 2. r a d i a t i o n from the sun, and 3. r a d i a t i o n from, the e a r t h and 
the atmosphere. The l a s t process i s o n l y i m p o r t a n t i n the area close t o 
the e a r t h . 
The c o n d u c t i v i t y o f the atmosphere i s produced by these i o n s moving 
i n t.he e l e c t r i c f i e l d . OKM's Law i s u s u a l l y obeyed and the c u r r e n t between, 
two p o i n t s i s p r o p o r t i o n a l t o t h e • p o t e n t i a l d i f f e r e n c e , the r a t i o being 
the c o n d u c t i v i t y or the r e c i p r o c a l of the r e s i s t a n c e . 
I t i s more convenient t o use c o n d u c t i v i t i e s as d i f f e r e n t i ons can then 
be t h o u g h t o f as condu c t o r s i n p a r a l l e l and the t o t a l c o n d u c t i v i t y cah be 
o b t a i n e d by summing t h e separate c o n d u c t i v i t i e s o f t h e v a r i o u s i o n s . 
I f t h e p o t e n t i a l o f the e l e c t r o s p h e r e w i t h r e s p e c t t o the e a r t h i s V 
and the columnar r e s i s t a n c e i s R, th e n ^ = i , where i i s the c o n d u c t i o n 
c u r r e n t d e n s i t y . I f r i s the r e s i s t a n c e o f the lowest metre of the 
column, t h e p o t e n t i a l drop across t h i s i s F, the average p o t e n t i a l 
g r a d i e n t i n t h e l o w e s t metre, t h e n F = i r = V'l'. The s p e c i f i c c o n d u c t i v i t y 
o f a i r \ = —, t h e r e f o r e F = ^ and t h e s p e c i f i c c o n d u c t i v i t y \ . f o r 
p o s i t i v e i o n s i s X ^ = '^ 1» v/here i ^ i s t h e c u r r e n t d e n s i t y o f p o s i t i v e i o n s . 
S i m i l a r l y , f o r n e g a t i v e i o n s X2 = '^2. The s p e c i f i c c o n d u c t i v i t y can also, 
be r e l a t e d t o m o b i l i t y and charge, so = n^ ew..| and = n^ew^, where 
n^ , n^ a r e t h e numbers o f p o s i t i v e and n e g a t i v e i o n s w i t h m o b i l i t i e s w^ 1 
w^ and charges +e, -e r e s p e c t i v e l y . 
These fo r m u l a e can o n l y be used f o r steady c o n d i t i o n s or f o r changes 
. which occur over p e r i o d s which are l o n g compared w i t h the r e l a x a t i o n time 
o f the atmosphere. The r e l a x a t i o n t i m e i s a measure' o f the r a t e a t which 
a conductor l o s e s charge or the r a t e a t which the e l e c t r i c a l c o n d i t i o n s 
• i n t h e c o n d u c t o r a d j u s t themselves a f t e r a change. 
Large i o n s , and p r o b a b l y i n t e r m e d i a t e s i z e d i o n s , have s m a l l m o b i l i t i e s 
and t h e i r numbers are seldom g r e a t enough compared w i t h the number o f s m a l l 
i o n s f o r them t o p l a y any s i g n i f i c a n t p a r t i n c o n d u c t i v i t y . 
The f i n e weather c o n d u c t i v i t y a t many places shows a maximum i n the 
e a r l y morning w i t h a f a l l soon a f t e r s u n r i s e ; t h i s i s p r o b a b l y accounted 
f o r by t h e f o r m a t i o n o f m i s t or by the i n c r e a s e d p o l l u t i o n o f t h e a i r . 
P o l l u t i o n i n c r e a s e s the number o f n u c l e i present and t o m a i n t a i n the 
e q u i l i b r i u m o f i o n i s a t i o n , any i n c r e a s e i n the numbers o f n u c l e i present 
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w i l l l e a d t o an i n c r e a s e o f l a r g e i o n s and a decrease i n the number o f 
s m a l l i o n s and thus a decrease i n c o n d u c t i v i t y . The y e a r l y v a r i a t i o n 
t h e r e f o r e shows a maximum c o n d u c t i v i t y i n summer and a minimum i n w i n t e r . 
Conduction C u r r e n t . 
The a i r - e a r t h c o n d u c t i o n c u r r e n t i i s r e l a t e d t o the l o c a l p o t e n t i a l 
g r a d i e n t F and the l o c a l c o n d u c t i v i t y by i = XF. T h i s holds e s p e c i a l l y 
when F and X are values measured close t o the e a r t h ' s s u r f a c e . The 
p o t e n t i a l g r a d i e n t F a t the e a r t h ' s s u r f a c e i s the most w i d e l y measured 
e l e c t r i c a l v a r i a b l e . However, the c o n d u c t i o n c u r r e n t i s a l s o i = ~, 
where V i s the p o t e n t i a l d i f f e r e n c e between the e l e c t r o s p h e r e and'the e a r t h 
and R i s the .columnar r e s i s t a n c e . I t has become i n c r e a s i n g l y e v i d e n t t h a t 
t h e v a l u e o f i i s f a r more fundamental than the value o f F, a l t h o u g h more' 
d i f f i c u l t t o o b t a i n . Thiere are two main reasons f o r assuming t h i s t o be 
so. F i r s t l y , as both the e a r t h and the e l e c t r o s p h e r e are good conductors 
and the c u r r e n t s w i t h i n them are s m a l l , the p o t e n t i a l d i f f e r e n c e between 
them a t any i n s t a n c e i s almost e x a c t l y the same i n a l l places and l o c a l 
d i f f e r e n c e i n the values o f t-'.e c o n d u c t i o n c u r r e n t must then r e p r e s e n t 
d i f f e r e n c e s i n the l o c a l columnar r e s i s t a n c e . The a i r - e a r t h c o n d u c t i o n 
c u r r e n t depends on th e t o t a l colum^nar r e s i s t a n c e and not d i r e c t l y on t h e 
l o c a l c o n d u c t i v i t y , thus l o c a l changes o f c o n d u c t i v i t y a f f e c t the a i r - e a r t h 
c u r r e n t o n l y t o the e x t e n t t o which they a l t e r the t o t a l columnar r e s i s t a n c e . 
Measurement o f p o t e n t i a l g r a d i e n t depends on l o c a l v a r i a t i o n s o f the 
c o n d u c t i v i t y and i s o f t e n of d o u b t f u l s i g n i f i c a n c e . Secondly, i f t h e r e 
are no h o r i z o n t a l c u r r e n t s , c o n v e c t i o n c u r r e n t s or accumulations o f charge, 
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• t h e a i r - e a r t h c u r r e n t i s the same a t a l l l e v e l s . T h i s i s a r e s u l t o f the 
q u a s i s t a t i c s t a t e . 
A l t h o u g h a c u r r e n t i s f l o w i n g i n the atmosphere and so the a c t u a l 
charges do not remain s t a t i c , i n steady c o n d i t i o n s , charges which have 
been moved from a c e r t a i n r e g i o n are r e p l a c e d by o t l i e r s .moving i n t o the 
r e g i o n w i t h the r e s u l t t h a t a t any one i n s t a n t , the d i s t r i b u t i o n o f 
charge i s the Ea.me, T h i s i s known as the q u a s i s t a t i c s t a t e and i t i s 
assumed t h a t the laws o f e l e c t r o s t a t i c s can s t i l l be a p p l i e d . I f any 
change i n the steady c o n d i t i o n occurs, c o n d i t i o n s w i l l r e v e r t t o a new 
steady q u a s i s t a t i c s t a t e i n accordance v / i t h the r e l a x a t i o n t i m e . 
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1.3» Methods o f Measuring A i r - e a r t h C u r r e n t . 
The t e c h n i q u e s f o r measuring the a i r - e a r t h c u r r e n t can be c l a s s i f i e d 
i n t o two c a t e g o r i e s ; the d i r e c t method and the i n d i r e c t method. 
The d i r e c t method measures the a c t u a l c?iarge r e a c h i n g a . p o r t i o n of t h e " 
e a r t h ' s s u r f a c e i n a g i v e n time and s h o u l d be a d i r e c t measure o f the 
a c t u a l a i r t o e a r t h c u r r e n t . The u s u a l form o f the apparatus i s a l a r g e 
c o l l e c t i n g s u r f a c e i n s u l a t e d from the ground. To t h i s i s a t t a c h e d an 
i n s t r u m e n t , such as an e l e c t r o m e t e r or a very s e n s i t i v e galvanometer, 
which i s used t o measure the charge c o l l e c t e d i n a g i v e n t i m e . 
The i n d i r e c t method i s t o measure i n d e p e n d e n t l y the l o c a l c o n d u c t i v i t y 
and the l o c a l p o t e n t i a l g r a d i e n t and t o take t h e i r product as the a i r - e a r t h 
c o n d u c t i o n c u r r e n t . The l o c a l c o n d u c t i v i t y has been measured w i t h 
v a r i a n t s o f t h e apparatus used by EBERT(1901) f o r i o n c o u n t i n g and 
GE3DISN(1905) f o r c o n d u c t i v i t y . I t i s b a s i c a l l y a h o l l o w c y l i n d e r 
c o n t a i n i n g a c o a x i a l r o d . The r o d i s connected t o some form o f measuring 
ap p a r a t u s and a p o t e n t i a l d i f f e r e n c e i s a p p l i e d between the r o d and the 
c y l i n d e r . A i r i s drawn t h r o u g h the apparatus and the f r a c t i o n o f the 
i o n s i n t h e a i r c o l l e c t e d by the apparatus w i l l depend on the p o t e n t i a l 
g r a d i e n t , t h e a i r - f l o w and t h e apparatus dimensions. 
The methods of measuring the p o t e n t i a l g r a d i e n t can a l s o be d i v i d e d 
i n t o two t y p e s . The f i r s t type i s t o measure the p o t e n t i a l d i f f e r e n c e 
between two p o i n t s a t d i f f e r e n t h e i g h t s u s i n g a p o t e n t i a l e q u a l i s e r . 
These e q u a l i s e r s i n c l u d e w a t e r - d r o p p e r s (KELVIN - I859 and SIMPSON - I 9 1 0 ) , 
f u s e s (VOLTA - I8OO), and r a d i o a c t i v e sources (SGRASE - 195^, MUH-LEISEN ' • 
- 1951, e t a l ) . 
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The second method i n v o l v e s measurinrc the b'ound charge on a p o r t i o n 
o f the e a r t h ' s s u r f a c e or an e a r t h connected, body. The sur f a c e d e n s i t y 
o f charge on a f l a t p o r t i o n o f the s u r f a c e of the e a r t h 0 = -^^ ^ 
t h e r e w i l l be an exposure f a c t o r f o r an e a r t h connected body. This i s 
the p r i n c i p l e behind t h e U n i v e r s a l P o r t a b l e E l e c t r o m e t e r (v/I.LSON - I 9 0 6 ) 
and f i e l d machines such as the A g r i m e t e r (RUSSELTVBDT - 1925, CKALMEHS 
- 1 9 5 3 a ) , the E l e c t r o s t a t i c Flux:^eter (MATTHIAS - 1 9 2 6 ) and the F i e l d M i l l 
(HASNWELL and VAN VOORHIS - 1 9 3 5 , et a l ) . The f i e l d m i l l has probably 
been most w i d e l y used f o r t h i s purpose. A f i x e d t e s t p l a t e i s connected 
t o e a r t h t h r o u g h a r e s i s t a n c e and capacitance i n p a r a l l e l . A r o t a t i n g 
e a r t h e d c o v e r a l t e r n a t e l y exposes and s h i e l d s the t e s t p l a t e from the 
l i n e s o f f o r c e and the r e s u l t i n g a l t e r n a t i n g c u r r e n t t o e a r t h - i s a m p l i f i e d , 
r e c t i f i e d and measured. Many designs o f f i e l d m i l l have used p l a t e s 
c o n s i s t i n g o f equal s e c t o r s o f a c i r c l e v ; i t h a s i m i l a r set o f earthed 
s e c t o r s r o t a t i n g above them g i v i n g an o u t p u t of a p p r o x i m a t e l y t r i a n g u l a r 
i j a v e f o r m . 
The t h e o r y of the f i e l d m i l l has been discussed by MPLESON and 
V/HITL0CK(1955) and i t s s e n s i t i v i t y by DAHL ( 1 9 5 1 ) . The ou t p u t of t h i s 
i n s t r u m e n t i s an a l t e r n a t i n g c u r r e n t p r o p o r t i o n a l t o the-magnitude o f the 
p o t e n t i a l g r a d i e n t , but g i v i n g no i n d i c a t i o n o f i t s :-;ign. For many 
-nv.rrjoses t h e r e f o r e i t i s necessary t o arrange a method o f d e t e r m i n i n g 
t h i s . The f i e l d m i l l has been developed t o be a u s e f u l , r e l i a b l e 
i n s t r u m e n t , b ut has the disadvantage f o r c o n d u c t i o n c u r r e n t v/ork t h a t 
i t i s e s s e n t i a l l y a p o i n t source measurement. 
I n t e r e s t i n antennae f o r t h e measurement o f p o t e n t i a l g r a d i e n t v;as 
r e v i v e d by CROZIER(1963) v / i t h a passive antenna v/hose sensing u n i t had 
1if 
s u f f i c i e n t l y lov/ conductance and capacitance t o rend e r the use o f 
e q u a l i s e r s , t h e w a t e r - d r o p p e r s , fuses and r a d i o a c t i v e ' c o l l e c t o r s p r e v i o u s l y 
mentioned, unnecessary. The lov.' l o a d i n g r e q u i r e d i s achieved by the use 
o f feedback t e c h n i q u e s and h i g h q u a l i t y i n s u l a t i o n - . 
I n s t r u m e n t s designed on these l i n e s have been used t o measure t h e 
f i n e v/eather c o n d u c t i o n c u r r e n t a t s e v e r a l s i t e s and i n v a r i o u s 
c i r c u m s t a n c e s . U n f o r t u n a t e l y the r e s u l t s o b t a i n e d by the i n d i r e c t and 
d i r e c t methods do not appear t o re a c h a common c o n c l u s i o n and t h e r e has 
been some d i s c u s s i o n as t o v/hether these d i f f e r e n t methods do i n f a c t 
measure the same t h i n g s . 
I t i s necessary t h e r e f o r e t o study c r i t i c a l l y t he e x p e r i m e n t a l t e c h n i q u e s 
and t h e t h e o r y on which t h e y are based, and f u r t h e r i n atmospheric 
e l e c t r i c a l v/ork, the m e t e o r o l o g i c a l and g e o g r a p h i c a l c o n d i t i o n s under 
v/hich they v/ere a p p l i e d . 
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1 . ^ . The Problem. 
I t i s p o s s i b l e f o r the t r a n s f e r o f charge i n .a v e r t i c a l d i r e c t i o n t o 
be a c h i e v e d not o n l y by c o n d u c t i o n c u r r e n t s , but by c o n v e c t i o n c u r r e n t s 
i n which v e r t i c a l motion o f a i r c o n t a i n i n g more i o n s of one s i g n than 
the o t h e r may occur. D i f f u s i o n o f ions'may a l s o c o n t r i b u t e t o t h i s 
charge t r a n s f e r . The d i r e c t method, as i t measures the a c t u a l a i r - e a r t h 
c u r r e n t a r r i v i n g a t a p o r t i o n o f the e a r t h ' s s u r f a c e , v / i l l measure ,the 
summation o f these c u r r e n t s . The i n d i r e c t method, measuring o n l y l o c a l 
c o n d u c t i v i t y and p o t e n t i a l g r a d i e n t , v ; i l l g i v e o n l y the con d u c t i o n 
c u r r e n t . 
The l o c a l c o n d u c t i v i t y t h a t must be used i n the i n d i r e c t method i s 
the sum of' t h e c o n d u c t i v i t i e s o f b o t h ' ' " ^ 2 '^^ '^ ^^ ^^  h e i g h t of one 
metre b o t h s i g n s p l a y a n e a r l y equal j ) a r t . Close t o the e a r t h ' s s u r f a c e , 
i n a normal f i n e v/eather f i e l d , the c u r r e n t can o n l y be c a r r i e d by 
p o s i t i v e i o n s , so w h i l e a t one metre, i t i s i = F(X., + \^), close t o 
ground l e v e l , i t must be i - F \,, i-ieasurenients have shov/n t h a t F does 
not v a r y near the e a r t h ' s s u r f a c e and t h a t F and F^ are very s i m i l a r 
v/iiich v;as c o n t r a r y t o the p r e d i c t i o n s o f the simple e l e c t r o d e e f f e c t . 
E a r l y measurements o f the a i r - e a r t h c u r r e n t by tne two methods 
appeared t o i n d i c a t e t h a t the i n d i r e c t method gave a value tv/ice as l a r g e 
as the d i r e c t method, as would be expected i f the c o n d u c t i v i t i e s of 
e i t h e r s i g n were o f equal magnitude and h e i g h t and i f c o n v e c t i o n c u r r e n t s 
such as p o s t u l a t e d by WHIPPLE(1932) o c c u r r e d . 
flowever, the .NOLANS(1937) and N0LAN(19^0) made simultaneous 
measurements o f the a i r - e a r t h c u r r e n t by botai methods and found the 
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c o n d u c t i v i t y measured i n d i r e c t l y exceeded t h a t measured d i r e c t l y by 
o n l y 10 per c e n t . V/ith F c o n s t a n t w i t h h e i g h t , t h i s i n d i c a t e d t h a t 
+ ^2 was equal t o X...^  and thus must vary w i t h h e i g h t , a r e s u l t 
found by HOGG(1939). 
KSAAFIEVIK and CLARK(195S) measured the p o t e n t i a l g r a d i e n t and the 
c o n d u c t i v i t y from a i r c r a f t and found d i f f e r e n c e s i n c o n d u c t i v i t y of 
20 per cent i n the austausch r e g i o n ; t h a t r e g i o n o f the atmosphere where 
c o n t i n u e d m i x i n g of a i r o c c u r s . I t i s p o s s i b l e t h e r e f o r e t h a t the 
10 per cent d i f f e r e n c e found by the Nolsns i s not a l o c a l d e v i a t i o n , 
but has a r e a l s i g n i f i c a n c e . LAV/(1965) i m p l i e d the e x i s t e n c e o f a 
c o n v e c t i o n c u r r e n t comparable v;i t h the c o n d u c t i o n c u r r e n t , from h i s 
r e s u l t s a t Cambridge. 
Of these r e s u l t s , those o f Hogg are prob a b l y the most s i g n i f i c a n t . 
because h i s s i t e most n e a r l y approached t h a t a c c e p t a b l e t o t h e o r y , but 
i t i s necessary t o r e s o l v e these d i f f e r e n c e s and t o e s t a b l i s h the r e a l 
r o l e , i f any, o f c o n v e c t i o n c u r r e n t s . I t \ / i l l be u s e f u l f i r s t t o 
examine the requiremencs o f an i d e a l s i t e and then proceed froai t h e r e 
t o examine the p u b l i s h e d work i n the l i g h t o f t h e i r approach t o the 
t h e o r e t i c a l i d e a l . 
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THE' E.-CPSKIHE?JTAL' SITE 
The study o f f i n e weather phenomena i s n e c e s s a r i l y governed by 
atmospheric c o n d i t i o n s and the e x p e r i m e n t e r has not o n l y l i t t l e c o n t r o l 
over h i s e x p e r i m e n t a l c o n d i t i o n s , but u n t i l the development o f a i r b o r n e 
measurements ,during the second v;orld v/ar, v;as i n the p o s i t i o n o f examining 
th e b e h a v i o u r o f h i s system by e f f e c t i v e l y s t u d y i n g one ' e l e c t r o d e ' and 
i t s immediate s u r r o u n d i n g s . The model adopted f o r the system i s one of 
c l a s s i c a l e l e c t r o s t a t i c s , as can be seen from the d e f i n i t i o n o f the t h r e e 
major v a r i a b l e s i n the p r e v i o u s c h a p t e r , b u t , i n p r a c t i c e , t h e r e v / i l l be 
d e v i a t i o n s from the simple model and f o r these, t h e r e must be some form 
of com.i^ensation. I t v / i l l be u s e f u l t o c o n s i d e r these d e v i a t i o n s i n terms 
of an a c t u a l e x p e r i m e n t a l s i t e , t h a t o f the Observatory s i t e o f Durham. 
U n i v e r s i t y vrhich i s s i t u a t e d 1km. V/est o f Durham C i t y , 0 . 7 5 k m . North o f 
the L a b o r a t o r i e s and 120 metres above sea l e v e l . 
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2 . 1 . Compensation, 
I n t h e e q u i v a l e n t c i r c u i t o f the atmosphere sketched on ?.?., the 
e a r t h i s a c t i n g as a c o n d u c t o r , t r a n s f e r r i n g by ground c u r r e n t s the 
charge b r o u g h t t o i t i n the f i n e weather areas t o those areas of, 
t h u n d e r s t o r m c o n d i t i o n s . L i n e s of f o r c e can be p i c t u r e d a r r i v i n g on the 
e a r t h ' s s u r f a c e i n a d i r e c t i o n a t r i g h t angles t o the l o c a l plane of t h a t 
s u r f a c e . Thus l i n e s o f e q u i p o t e n t i a l w i l l l i e p a r a l l e l t o the e a r t h ' s 
s u r f a c e . Should the s u r f a c e not be p l a n e , but have on i t such e a r t h e d 
conductors as houses or t r e e s , t h i s w i l l d i s t u r b the d e n s i t y o f the l i n e s 
o f f o r c e and a l t e r t h e l e v e l s o f e q u i p o t e n t i a l . Any measurement of the 
p o t e n t i a l g r a d i e n t v / i t h i n the area o f d i s t u r b a n c e w i l l not be' a b s o l u t e 
and a r e d u c t i o n f a c t o r must be d e f i n e d b e f o r e comparison can be made v/it h 
a b s o l u t e v a l u e s over l e v e l - ground. I f the plane o f the ground i s not '.. •• 
h o r i z o n t a l , t h e n a c o l l e c t o r o f a p p r e c i a b l e area or l e n g t h must s t i l l be 
p a r a l l e l t o t h i s p l ane, i f i t i s t o cause minimal d i s t u r b a n c e t o i t s 
s u r r o u n d i n g s . 
An example o f t h i s can be seen ( P l a t e 1 . and F i g . 1 . ) a t the 
O b servatory s i t e where the s l ope o f the a v a i l a b l e s i t e was 1 i n 1 2 . An 
i n c i d e n t a l e f f e c t o f t h i s i s t h a t any frame f o r a p l a t e t y p e c o l l e c t o r 
must be designed t o minimise s t r e s s i n g on any i n s u l a t i n g m a t e r i a l t h a t 
may shov; p i e z o - e l e c t r i c e f f e c t s . I n P l a t e 1 . , i t can be seen t h a t the 
nearness o f hedge and t r e e t o the e x p e r i m e n t a l area w i l l c o n s t i t u t e 
d i s t u r b a n c e s t o the l i n e s o f e q u i p o t e n t i a l t h a t may not be n e g l i g i b l e . 
I n g e n e r a l , any measuring apparatus s t a n d i n g above the plane o f i t s 
s u r r o u n d i n g s w i l l r e q u i r e e i t h e r the c a l c u l a t i o n o f a r e d u c t i o n f a c t o r or 
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compensation f o r the d i s t u r b a n c e i t c r e a t e s . BERND0RF(190S) considered 
the m a t t e r t h e o r e t i c a l l y and found t h a t a v e r t i c a l c o n d u c t i n g post 1cm. 
h i g h nas l e s s t h a n 1 per cent e f f e c t on the p o t e n t i a l measured 1m. from 
the ground 3 I T I . away. T h i s g i v e s the order o f s e p a r a t i o n r e q u i r e d between 
such a p p a r a t u s i f compensation i s n e g l e c t e d . ARNOLD et a l ( l 9 6 5 ) have 
c o n s i d e r e d t h e r e d u c t i o n e f f e c t s o f nearby t r e e s b o t h t h e o r e t i c a l l y and 
p r a c t i c a l l y . I n p r a c t i c e , i t i s s i m p l e r t o compensate f o r the r e d u c t i o n 
f a c t o r produced by app a r a t u s , because o f the complex, shape o f the equipment. 
T h i s i s done by measuring the p o t e n t i a l g r a d i e n t near t o the c o n d u c t i v i t y 
or c u r r e n t measuring d e v i c e , and a p p l y i n g a p o t e n t i a l d e r i v e d from t h a t 
measurement t o the d e v i c e , thus m a i n t a i n i n g i t as close as p o s s i b l e t o the 
p o t e n t i a l o f i t s s u r r o u n d i n g s . When measuring the f i n e v/eather c u r r e n t by 
the d i r e c t method t h e r e i s a f u r t h e r compensation r e q u i r e d , f o r a change c f 
p o t e n t i a l g r a d i e n t d u r i n g the time o f exposure o f the c o l l e c t i n g s u r f a c e 
produces an e f f e c t knov/n as the displacem.ent c u r r e n t . 
The change i n p o t e n t i a l g r a d i e n t produces a change i n the bound charge 
on the c o l l e c t o r . For a u n i t area o f the c o l l e c t o r , the s u r f a c e charge 
flv 1 dO dO 
Q = -G F. A change o f p o t e n t i a l g r a d i e n t w i t h time —- = - — - t t , -rr i s 
0 CI o ^ U.'L U.'t o 
e f f e c t i v e l y a c u r r e n t sometimes g r e a t e r than the co n d u c t i o n c u r r e n t and i t 
i s not d i r e c t l y d i s t i n g u i s h a b l e from the t r u e c o n d u c t i o n c u r r e n t . 
- 1 2 2 
I f t h e t r u e c o n d u c t i o n c u r r e n t i s o f the orde r o f 2 x 10 A/m , an 
a l t e r a t i o n i n p o t e n t i a l g r a d i e n t o f J;QO V/m i n an hour w i l l .then g i v e a 
-1'> 2 ' displ a c e m e n t c u r r e n t o f 0 . 7 ^ x 10 ^A/m • 
Unless compensation i s made f o r t h i s displacement c u r r e n t , i n s t a n t a n e o u s 
measurement i s n o t l i k e l y t o g i v e an ac c u r a t e answer f o r t h e c o n d u c t i o n 
c u r r e n t and l o n g exposure t i m e s must be used t o average t h i s e f f e c t . 
20 -
2.2. The E l e c t r o d e E f f e c t . 
I f the e a r t h ' s s u r f a c e i s c o n s i d e r e d t o be one e l e c t r o d e i n the system 
then the experiments w i l l be c a r r i e d out i n a volume of a i r bounded a t one 
end by a n e g a t i v e e l e c t r o d e and e x t e n d i n g i n t o the c e n t r a l r e g i o n . P o s i t i v e 
i o n s can e n t e r t h i s volum.s from, the c e n t r a l - region and leave i t v i a the 
n e g a t i v e e l e c t r o d e but no n e g a t i v e i o n s can e n t e r the system unless they 
are produced a t the n e g a t i v e e l e c t r o d e . I n the simple model t h i s i s not 
so and the volume under c o n s i d e r a t i o n becom.es d e p l e t e d i n n e g a t i v e i o n s 
ana must a c q u i r e a p o s i t i v e space charge. T h i s space charge w a l l i n c r e a s e 
the p o t e n t i a l g r a d i e n t near the e l e c t r o d e and decrease i t near the c e n t r e 
u n t i l the same c u r r e n t f l o w s t h r o u g h a l l c r o s s - s e c t i o n s . The p o t e n t i a l 
g r a d i e n t and the i o n i c d i s t r i b u t i o n w i l l , however, no l o n g e r be u n i f o r m . 
T h i s i s known as the E l e c t r o d e E f f e c t a n d ' i n a simple form would show 
i t s e l f i n a space charge near the e a r t h and a p o t e n t i a l g r a d i e n t a t a 
h e i g h t o f a few 'metres, which i s a p p r e c i a b l y l e s s t h a n t h a t c l o s e t o t h e 
es^rth's s u r f a c e . 
However, i t i s found t h a t , i n very many o b s e r v a t i o n s , t h e r e i s o n l y a 
s m a l l d i f f e r e n c e i n the p o t e n t i a l g r a d i e n t a t the h e i g h t of one metre and 
t h a t c l o s e t o the ground, and so the e l e c t r o d e e f f e c t i s not found i n a 
simple form. I t has been r e p o r t e d t o e x i s t f o r the c o n d i t i o n s o f the 
Greenland i c e cap.(PLUVINAGE and STAHL - 1 9 5 3 , RUHNKE - 1 9 6 2 ) and i n the 
c e n t r e o f l a r g e l a k e s (KUHLSISEN - I 9 6 I ) , and very s t i l l n i g h t air.(GPOZIER 
- 1955s-, 1 9 ' S 5 ) . An account f o r these r e s u l t s i s o b v i o u s l y p e r t i n e n t t o the 
u n d e r s t a n d i n g o f t h e c o n d i t i o n s o f c o n d u c t i v i t y and p o t e n t i a l g r a d i e n t and 
hence t o t i i e i mportance t o anomalous r e s u l t s f o r the f i n e weather' conduc t i o n 
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c u r r e n t by t h e d i r e c t and i n d i r e c t methods. Attempts have been made t o 
p r o v i d e e x p l a n a t i o n s , a l t h o u g h these have been hampered by l a c k o f a 
comprehensive t h e o r y . T h e o r i e s v / i t h d i f f e r e n t assumptions w i t h r e g a r d t o 
r e c o m b i n a t i o n have been advanced by VON SCHWELDER(1908), 3SKACKER(1910), 
SCH0LTZ (1931) and more r e c e n t l y , CHALMERS(1966). These have shown t h a t a 
decrease o f some 30 per cent between the e a r t h ' s s u r f a c e and 1m. above i t 
sh o u l d have been expected. 
W H I P P L E ( 1 9 3 2 ) suggested t h a t as t h e a i r near the e a r t h ' s s u r f a c e i s not 
s t i l l , a process o f eddy d i f f u s i o n c o u l d c a r r y p o s i t i v e charge upwards and 
t h a t t h i s would a v o i d t h e d i s c r e p a n c y between the simple e l e c t r o d e e f f e c t 
t h e o r y and e x p e r i m e n t a l r e s u l t s . 
CHALMERS(1946) showed t h a t a q u a s i s t a t i c s t a t e w i t h l i t t l e a l t e r a t i o n 
o f p o t e n t i a l g r a d i e n t w i t h h e i g h t c o u l d be achieved w i t h a s u i t a b l e form 
o f v a r i a t i o n o f t h e r a t e o f i o n i z a t i o n w i t h h e i g h t and suggested t h a t t h i s 
v a r i a t i o n - c o u l d . b e caused by r a d i o a c t i v e m a t e r i a l ^ i n t h e t o p s o i l . T h i s 
would be s u p p o r t e d by the tendency f o r the e l e c t r o d e e f f e c t t o be found i n . , 
areas such as i c e caps and the e f f e c t o f r a d i o a c t i v i t y a t the s u r f a c e v/ould 
be reduced. 
L/vW(1963) i n t r o d u c e d c o n v e c t i o n c u r r e n t s as a reason f o r the absence 
of the e l e c t r o d e e f f e c t . 
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i i - ' o l l u t i o n , 
A nother major c o n s i d e r a t i o n i n the assessment o f an e x p e r i m e n t a l s i t e 
i s the degree o f p o l l u t i o n t o v.'hich i t i s s u b j e c t e d and the r e s u l t a n t 
c o n s i d e r a t i o n s o f space charge on the model. 
V.uite a p a r t from, obvious p o l l u t i o n o f the atm.osphere by i n d u s t r i a l 
and household e f f l u e n t s , a p p r e c i a b l e p o l l u t i o n can be causer by road 
v e h i c l e and r a i l w a y l o c o m o t i v e exhausts. By the term p o l l u t i o n i s meant 
the a l t e r a t i o n o f the e x i s t i n g balance o f i o n p r o d u c t i o n and removal by 
the i n f l u x o f i o n s from an e x t e r n a l g e n e r a t o r . 
The f a c t t h a t the exhaust o f a steam l o c o m o t i v e alv-ays gave r i s e t o 
a p o s i t i v e space charge v/as n o t i c e d by KEL'i/TN(18-60) and a g a i n by ISRAEL 
( 1 9 5 0 ) . I t was i n v e s t i g a t e d i n more d e t a i l by MUHLEI3EN(1955) <';ho found 
p o s i t i v e space charges t o be a l s o produced by d i e s e l engines and o t h e r 
b u r n i n g processes. Negative space charges were produced from chemical 
p l a n t and gasworks. V/HITLOCK and CnALKERS(1955) found t h a t these space 
charges c o u l d be i d e n t i f i e d v/here the exhausts v.-ere some way away and no 
l o n g e r v i s i b l e . BRASEFIELD(1959) found e f f e c t s from the exhaust o f road 
t r a f f i c . CHALMERS(1952) found n e g a t i v e p o t e n t i a l g r a d i e n t s on the lee' 
s i d e o f h i g h t e n s i o n cables under c o n d i t i o n s of mi s t and f o g . BENT and 
HTJTCKIN30N(1966) found t h a t i n pla c e s down-wind, where the m i s t had 
eva p o r a t e d , the n e g a t i v e space charge s t i l l p e r s i s t e d i n the a i r . 
M U K L E I S E N ( 1 9 5 3 ) observed i n f i n e . w e a t h e r p o s i t i v e space charges from 
c a b l e s whose di.am.eters v.'ere too. sm,all t o be s u i t a b l e f o r t h e v o l t a g e 
c a r r i e d . Thus l o c a l c o n d i t i o n s w i l l p l a y a l a r g e p a r t i n the amount o f 
space charge p r e s e n t a t the measuring s i t e and r a p i d f l u c t u a t i o n s o f 
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p o t e n t i a l g r a d i e n t due t o t h i s have o f t e n been found i n f i n e weather 
c o n d i t i o n s , p a r t i c u l a r l y i n or near l a r g e towns. 
As the i n d i r e c t method o f measuring the a i r - e a r t h c u r r e n t measures 
l o c a l c o n d u c t i v i t y and l o c a l p o t e n t i a l g r a d i e n t , i t i s i m p o r t a n t t o 
assess the degree of p o l l u t i o n a t an e x p e r i m e n t a l s i t e b e fore comparing 
the r e s u l t s w i t h those o b t a i n e d a t a d i f f e r i n g s i t e . 
The Durham Observatory'' s i t e has become l e s s t e n a b l e as a s i t e , as 
p o l l u t i o n from road t r a f f i c on a major t r u n k road and i t s e x i t road i n 
Durham has i n c r e a s e d . These roads pass w i t h i n -Jkm. t o windward of the 
s i t e . A main r a i l v / a y l i n e i s o n l y -^ km., from t h e s i t e a l s o i n .the 
d i r e c t i o n o f t h e p r e v a i l i n g v/ind and h i g h t e n s i o n e l e c t r i c i t y pylons pass 
the s i t e on a l l s i d e s a t d i s t a n c e s o f 1 t o 6km. (see F i g . l b . ) 
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2 . 4 . S i t e Design F e a t u r e s . 
There are o t h e r more minor p o i n t s t h a t the n a t u r e of the e x p e r i m e n t a l 
s i t e may impose upon t h e des i g n o f the ap p a r a t u s . As the r e s o l u t i o n o f 
the problem would i n v o l v e measurement o f the a i r - e a r t h c u r r e n t by i n d i r e c t 
a.nd d i r e c t m.ethods a t d i f f e r e n t h o i g l i t s c l o s e t o the e a r t h ' s s u r f a c e , a 
form o f c o n s i s t e n t base l e v e l i s r e q u i r e d . 
I t i s a . g r e a t advantage t o have an a r t i f i c i a l l y prepared p a r t of the 
• e a r t h ' s ' s u r f a c e , even i f i t does not c o n t a i n beneath i t an underground 
r e c o r d i n g room such as the one a t Kew.(HOGG - 1 9 3 9 ) . I t m.ay be t h a t time 
and expense a r e a g a i n s t t h i s and i t i s t r u e t h a t i t would no l o n g e r be a 
' n a t u r a l ' s u r f a c e i n terms o f r a d i o a c t i v e c o n t e n t or even t h e r m a l 
r a d i a t i o n , s h o u l d the l o c a l e f f e c t o f c o n v e c t i o n be c o n s i d e r e d . As the 
i n d i r e c t method i s e s s e n t i a l l y a method o f measurement a t a p o i n t the 
s i z e o f the prepared area may not be l a r g e . V;ith the d i r e c t method the 
exposed p l a t e may be o f t h e o r d e r o f 1m. across and thus a s u i t a b l e 
e x p e r i m e n t a l s i t e may be a p p r o x i m a t e l y 10m. square, e s p e c i a l l y i f comparison 
i s t o be made betv/een t h e tv/o methods on the same s i t e . A ' n a t u r a l ' grass 
s u r f a c e r e g u l a r l y c ut by a mower v / i t h blades o f a f i x e d h e i g h t may be the 
o n l y p r a c t i c a l f orm. I n t h i s case, the environment i s preserved, but ^the 
accuracy o f p o s i t i o n i n g i s reduced . 
I n any i n v e s t i g a t i o n i n atmospheric e l e c t r i c i t y , extreme care must be 
t a k e n v / i t h t h e i n s u l a t i o n . For f i n e weather measurement, the arrangements 
r e q u i r e d t o p r o t e c t the i n s u l a t o r s from the r a i n and t o keep them f r e e from 
c o n d e n s a t i o n by warming w i t h h e a t i n g c o i l s are l e s s s t r i n g e n t as the apparatus 
v / i l l not be r u n n i n g under v/et c o n d i t i o n s - Hov/ever, the values o f the 
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parameters measured are g e n e r a l l y s m a l l e r so the measuring i n s t r u m e n t s 
have t o be more s e n s i t i v e . I f the measurement i n v o l v e s the c o l l e c t i o n 
o f a charge, t h e r e i s a leakage v/hich takes place v ; i t h a time c o n s t a n t 
C.R., where C i s the c a p a c i t y o f the c o l l e c t o r and R, the leakage 
r e s i s t a n c e t o e a r t h . The c o l l e c t i o n o f the charge i s u s u a l l y expressed 
as a v o l t a g e V = Q/C, so C must be reduced f o r h i g h s e n s i t i v i t y and R 
must be i n c r e a s e d as much as p o s s i b l e . I n t h i s not o n l y the leakage 
a t the i n s u l a t o r s must be c o n s i d e r e d , but a l s o the leakage and the 
c a p a c i t a n c e o f the cables c o n n e c t i n g the measuring apparatus t o t h e 
r e c o r d i n g d e v i c e s . Besides p i e z o - e l e c t r i c s t r a i n on the i n s u l a t o r s and 
c a b l e , d i f f i c u l t i e s are e x p e r i e n c e d w i t h condensa.tion, dust d r i v e n up on 
t o low i n s u l a t o r s by r a i n splashes and s p i d e r s ' webs, so a c a r e f u l choice 
o f i n s u l a t i n g and c l e a n i n g procedures must be adopted. There are a l s o 
hazards s p e c i f i c t o the s i t e which have nuisance v a l u e . For i n s t a n c e , 
a t Durham Observatory s i t e , the s o i l i s b o u l d e r c l a y w i t h a very h i g h 
water t a b l e and unless underground p i t s v/e.re r e g u l a r l y d r i e d and a i r e d , 
water tended, t o seep t h r o u g h -the w a l l s i n t o the spaces housing apparacus 
as the i n i t i a l w a t e r - p r o o f i n g o f the concrete was not adequate. I n t h i s 
case the s l o p e o f the s i t e v;as an advantage as i t s i m p l i f i e d the 
c o n s t r u c t i o n o f drainage sumps. 
The o t h e r pei'annial problems w i t h outdoor equipment are e a r t h 
c o n n e c t i o n s and c o n t a c t p o t e n t i a l s . D i f f e r e n t e a r t h connections may be 
a t d i f f e r e n t p o t e n t i a l s because o f e a r t h c u r r e n t s or e l e c t r o l y t i c e f f e c t s 
and induced c u r r e n t s must be a v o i d e d . Contact p o t e n t i a l s between 
d i f f e r e n t m e t a l s or t h e same metals w i t h d i f f e r i n g s u r f a c e c o n d i t i o n s 
caused by o x i d a t i o n may be o f the o r d e r o f v o l t s which w i l l g i v e e f f e c t s 
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comparable w i t h the n a t u r a l f i n e v;eather p o t e n t i a l g r a d i e n t s . 
I t i s i n t h e l i g h t o f these c o n s i d e r a t i o n s , fundamental and p r a c t i c a l , 
t h a t these e x p e r i m e n t a l r e s u l t s must be i n t e r p r e t e d . The next chapter 
w i l l d e a l i n d e t a i l w i t h the e x p e r i m e n t a l techniques t h a t have been used 
i n b o t h t h e d i r e c t and i n d i r e c t methods o f measuring a i r - e a r t h c u r r e n t . 
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CHAPTER 3 PREVIOUS WORK 
Pre v i o u s Experiments u s i n g D i r e c t Measurement Methods. 
H i s t o r i c a l l y , the f i r s t a t t e m p t a t d i r e c t measurement o f the a i r 
- e a r t h c u r r e n t was made by EBERT(1902). However, as h i s p l a t e was n e i t h e r 
m a i n t a i n e d i n t h e plane o f the e a r t h nor a t e a r t h p o t e n t i a l , h i s r e s u l t s 
cannot be a c c u r a t e . 
V/ILSON(1906) had h i s t e s t p l a t e connected t o a" g o l d l e a f e l e c t r o m e t e r . 
S u r r o u n d i n g t h e t e s t p l a t e was a guard r i n g connected t o the system 
t h r o u g h a compensating condenser. The e l e c t r o m e t e r was brought t o the 
zero p o s i t i o n w i t h an e a r t h e d cover p l a c e d over the t e s t p l a t e . The 
cover was removed and the compensator a d j u s t e d t o keep the e l e c t r o m e t e r 
i n i t s zero p o s i t i o n . A f t e r a g i v e n time i n t e r v a l , t h e cover v.'as r e p l a c e d 
and t h e compensator a g a i n a d j u s t e d t o g i v e zero d e f l e c t i o n o f t h e 
e l e c t r o m e t e r . The d i f f e r e n c e i n compensator p o s i t i o n s . gave a measure o f 
the charge on t h e p l a t e when i t was exposed. I f the compensating condenser 
was not used, removal o f the cover v/ould have brought the p l a t e t o a 
p o t e n t i a l o t h e r t h a n t h a t o f e a r t h . 
I n h i s l a t e r c a p i l l a r y e l e c t r o m e t e r , v/ILS0N(19'lS) a u t o m a t i c a l l y 
a d j u s t e d the p o t e n t i a l o f the p l a t e t o t h a t o f the e a r t h . • Wilson made 
measurements a t 60, 90 and 130cms. from the ground but made no at t e m p t t o 
determine any r e l a t i o n s h i p between the values a t these h e i g h t s . As t h e 
t e s t p l a t e has t o be covered and uncovered and t h e r e a d i n g s have t o be 
t a k e n v i s u a l l y , these methods are not r e a d i l y adapted t o conti n u o u s 
r e c o r d i n g o f t h e a i r - e a r t h c u r r e n t . Hov/ever, the c o v e r i n g o f the t e s t 
p l a t e i n t h i s manner means t h a t no compensation f o r the e f f e c t o f p o t e n t i a l 
g r a d i e n t changes i s needed as t h e r e i s no bound charge a t t h e b e g i n n i n g 
and t h e end o f t h e o b s e r v a t i o n . 
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I f V/ilson's method i s used w i t h o u t the compensating condenser, 
removal o f the cover would b r i n g t h e p l a t e t o a p o t e n t i a l c o n s i d e r a b l y 
d i f f e r e n t from t h a t o f e a r t h . SMITH(1956) found t h a t t h e r e appeared t o 
be no c u r r e n t a t a l l i f t h i s v/as done and a measuring i n s t r u m e n t o f 
s m a l l c a p a c i t y was used. V/hen t h e cover i s removed,.the p l a t e a c q u i r e s 
a charge -A£^F on i t s upper s i d e . The c o r r e s p o n d i n g charge +A£^F must 
r e s i d e on t h e low e r s u r f a c e o f the p l a t e as the c a p a c i t y o f the 
e l e c t r o s c o p e i s s m a l l . Assuming t h e c o n d u c t i v i t y o f the a i r i s the same 
e i t h e r s i d e o f t h e p l a t e , the charges w i l l d i s s i p a t e w i t h the same 
r e l a x a t i o n t i m e and t h e r e w i l l be zero net c u r r e n t . 
A r e c e n t m o d i f i c a t i o n o f Wilson's apparatus was used by COBB and 
PHILLIPS(1962). They used 6 s y m m e t r i c a l l y disposed c i r c u l a r p l a t e s 
mounted on a r o t a t i n g t a b l e . A c i r c u l a r s e c t o r was f i x e d over the t a b l e . 
On e n t e r i n g the s h i e l d e d area, t h e net charge on the p l a t e was due t o 
c o n d u c t i o n a l o n e . A brush c o n t a c t c a r r i e d away t h i s charge t o a f i l t e r , 
w hich a l l e v i a t e d i n t e r f e r e n c e from the brush p i c k - u p . T h i s network had 
a RG p r o d u c t o f 2^0 seconds v/hich determined the time c o n s t a n t o f the 
measuring system. A f t e r c o r r e c t i o n f o r the c u r r e n t from the lower p l a t e 
s u r f a c e due t o the ca p a c i t a n c e o f t h a t s u r f a c e and c o n d u c t i v i t y c l o se t o 
i t , i t v/as shown t h a t the r o t a t i n g p l a t e c o l l e c t e d about 76 per cent o f 
the a i r - e a r t h c u r r e n t but t h e v a r i a t i o n s from t h i s f i g u r e r e s u l t e d i n the 
a b s o l u t e v a l u e o f t h e a i r - e a r t h c u r r e n t not b e i n g e s t a b l i s h e d c l o s e r than 
an erroa? o f 10 per c e n t . 
SIMPSON(1-910) designed a 17n:^  c o l l e c t o r f o r a h i l l s i t e i n I n d i a . 
Because o f i t s s i z e and c o n s t r u c t i o n the h e i g h t c o u l d n ot be a l t e r e d , so 
i t was b u i l t i n t h e plane o f t h e e a r t h and a t t a c h e d t o i t was a v/ater-« 
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dropper which kept the c o l l e c t i n g area a t the e a r t h ' s p o t e n t i a l . The 
drops b r e a k i n g away from the d r o p p i n g v e s s e l , c a r r y av;ay a charge 
p r o p o r t i o n a l t o the charge on the c o l l e c t i n g s u r f a c e . The drops were 
c o l l e c t e d i n an i n s u l a t e d c o l l e c t o r a t t a c h e d t o an e l e c t r o m e t e r . The 
e l e c t r o m e t e r d e f l e c t i o n v/as r e g i s t e r e d every 2 minutes and thus the 
a i r - e a r t h c u r r e n t c o u l d be c o n t i n u o u s l y r e c o r d e d . The p o t e n t i a l g r a d i e n t 
was measured on a second e l e c t r o m e t e r and t h e o r e t i c a l c o r r e c t i o n s f o r the 
dis p l a c e m e n t c u r r e n t made. T h i s form o f c o r r e c t i o n was s u i t a b l e f o r 
Simpson as he was i n t e r e s t e d i n the d a i l y v a r i a t i o n s i n the a i r - e a r t h 
c u r r e n t r a t h e r than i n s t a n t a n e o u s r e l a t i o n s h i p s . 
CHALMERS and LITTLE(l9^l-7) used an exposed p l a t e connected t o a 
c a p a c i t o r and t h r o u g h t h i s . ^ t o e a r t h . The c a p a c i t o r was dis c h a r g e d every 
10 minutes t h r o u g h a b a l l i s t i c galvanometer and re c o r d e d p h o t o g r a p h i c a l l y . 
The c a p a c i t o r decreased the l e a k and a l s o p r e v e n t e d the c o l l e c t o r p l a t e 
from v a r y i n g much from the p o t e n t i a l o f the e a r t h . I n d i v i d u a l r e a d i n g s 
a r e n ot v e r y v a l u a b l e because no c o r r e c t i o n was ma.de f o r f l u c t u a t i o n s of 
p o t e n t i a l g r a d i e n t . T h i s e r r o r was reduced by a v e r a g i n g over l o n g p e r i o d s , 
CHALMERS(19?6) used a s i m i l a r method w i t h a v a l v e e l e c t r o m e t e r . I n t h i s 
v/ork compensation was p r o v i d e d by simultaneous measuremenbs o f the 
p o t e n t i a l g r a d i e n t as i n Simpson's method. 
SGR/'i.SE(l933) a t t e m p t e d t o overcome displacement c u r r e n t d i f f i c u l t i e s 
and t o r e c o r d c o n t i n u o u s l y , by c o n n e c t i n g one p a i r of quadrants o f a 
q u a d r a n t - e l e c t r o m e t e r t h r o u g h a c a p a c i t o r t o a r a d i o - a c t i v e e q u a l i s e r , 
w hich r e c o r d e d t h e p o t e n t i a l g r a d i e n t , and the o t h e r p a i r o f quadrants t o 
the c u r r e n t c o l l e c t o r . 
So, whereas t h e normal use o f the quadrant e l e c t r o m e t e r r e q u i r e s one 
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F i g . 2. Scrase's Apparatus 
p a i r o f quadrants connected t o the c u r r e n t source and the o t h e r p a i r 
e a r t h e d , here n e i t h e r p a i r of quadrants were e a r t h e d . ( F i g . 2.) 
V/hen b o t h p a i r s o f quadrants v/ere earthed^ and then r e l e a s e d , one set 
r e c e i v e d the charge from t h e c o l l e c t o r , t h a t i s the sura o f the c o n d u c t i o n 
and displacement c u r r e n t s . S i m u l t a n e o u s l y t h e ' r a d i o - a c t i v e e q u a l i s e r 
was a f f e c t e d by any change i n p o t e n t i a l g r a d i e n t . These'changes a f f e c t , 
the second s e t o f quadrants t h r o u g h the condenser. Adjustment of the 
condenser a l l o w e d these changes i n p o t e n t i a l g r a d i e n t t o a f f e c t b oth 
s e t s o f p l a t e s e q u a l l y and t h u s t o have no e f f e c t upon the e l e c t r o m e t e r 
r e a d i n g . 
The m a t e r i a l used i n the r a d i o - a c t i v e e q u a l i s e r v/as polonium and t h i s 
was t o o slow t o respond t o many f i e l d changes. Scrase t h e r e f o r e 
i n t r o d u c e d a v/ire mesh connected t o the e q u a l i s e r and placed over the 
c o l l e c t o r a t a h e i g h t such t h a t , the p o t e n t i a l g r a d i e n t over the p l a t e v/as 
alv/ays t h a t r e c o r d e d by t h e e q u a l i s e r but any r a p i d f l u c t u a t i o n s o f the 
p o t e n t i a l v/ere smoothed o u t . The quadrants v/ere e a r t h e d f o r 1 mi-nute a t 
10 minute i n t e r v a l s , g i v i n g a t r a c e r i s i n g from zero over a p e r i o d o f 
9 m i n u t e s , t h e mean slope o f each" l i n e o f which i s a measure o f the a i r -
- e a r t h c u r r e n t f o r t h a t p e r i o d . 
L i t t l e d i s t o r t i o n o f the l i n e s o f f o r c e o c c u r r e d as the c a p a c i t y of 
the c o l l e c t i n g system was l a r g e enough f o r the p o t e n t i a l never t o be . 
g r e a t l y d i f f e r e n t from t h a t o f e a r t h . 
Because o f t h e s l u g g i s h n e s s o f t h e c o l l e c t o r the p o t e n t i a l g r a d i e n t 
over t h e p l a t e was sometimes s l i g h t l y d i f f e r e n t from t h a t which would 
have o c c u r r e d i n the absence of the v/ire net and under these 
c i r c u m s t a n c e s t h e c u r r e n t measured i s not q u i t e the n a t u r a l c u r r e n t t o 
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an area o f the e a r t h b ut i s r e a l l y a measure o f the u n i p o l a r c o n d u c t i v i t y 
o f the a i r between the w i r e net and the p l a t e . 
The a p p a r a t u s had the advantage t h a t the c o l l e c t o r can be placed some 
d i s t a n c e from t h e e l e c t r o m e t e r s and i t r e a l l y o n l y f a i l e d because ox the 
slov; response o f the polonium e q u a l i s e r . I f t h i s was r e p l a c e d b y a f i e l d 
measuring d e v i c e w i t h a more r a p i d response, g r e a t e r success should be 
ach i e v e d by t h i s method. Suggestions v/ere made t o t h i s e f f e c t by GOTO 
(1951) and CHALMERS(1953b). Chalmers, u s i n g an a g r i m e t e r , found t h a t the 
o u t p u t from t h i s i n s t r u m e n t was not steady enough t o p r o v i d e the s o l u t i o n , 
ADAMSON and CHALMERS(1956) suggested a f i e l d m i l l . ADAMSON(196O) 
developed Scrase's apparatus u s i n g a f i e l d m i l l and a d i f f e r e n t i a l a m p l i -
f i e r i n which t h e sum o f the a i r - e a r t h and displacement c u r r e n t s was 
measured a t oneterraina], o f the a m p l i f i e r and the f i e l d m i l l p r o v i d e d 
a u t o m a t i c and co n t i n u o u s compensation f o r the displacement c u r r e n t a t the 
o t h e r t e r m i n a l . 
By i n c r e a s i n g t h e time c o n s t a n t o f a system s i m i l a r t o t h a t o f ScraseJ. 
MUHLEISEN (1953) avoided Scrase's d i f f i c u l t i e s . But the i n c r e a s e d time 
c o n s t a n t m.eant a g r e a t e r a v e r a g i n g e f f e c t on s h o r t f l u c t u a t i o n s o f the 
v a r i a b l e s measured. ICASEMIR (1951) produced f o r e x p e d i t i o n work and 
mountain s t a t i o n S j a p p a r a t u s designed t o measure l o n g term v a r i a t i o n s and 
had i n consequence a l o n g time c o n s t a n t o f an hour. The c u r r e n t v;as . 
a m p l i f i e d t h r o u g h an e l e c t r o m e t e r v a l v e and' r e c o r d e d on a s i x channel 
r e c o r d e r . The p o t e n t i a l g r a d i e n t v;as s i m u l t a n e o u s l y r e c o r d e d u s i n g a 
r a d i o - a c t i v e - e q u a l i s e r . The c r i t i c a l p o i n t i n o p e r a t i o n i s the m^ainten 
-ance o f the h i g h i n s u l a t i o n . The l o n g time c o n s t a n t v;as used t o even 
out the e f f e c t o f p o t e n t i a l g r a d i e n t change, 
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F i g . 3. Kasemir's Method 
I n h i s second method, KASEMIR(1955) a t t e m p t e d t o e l i m i n a t e the e f f e c t 
o f p o t e n t i a l g r a d i e n t changes ( F i g . 3»)» He co n s i d e r e d t h e a i r - e a r t h 
c u r r e n t b e i n g c o l l e c t e d by a p l a t e exposed t o the a i r . The c u r r e n t f l o w e d 
t h r o u g h a c a l i b r a t e d r e s i s t a n c e t o e a r t h and the v o l t a g e drop across the 
r e s i s t a n c e v/as measured. The t o t a l c u r r e n t from the, c o l l e c t o r v/as 
A i + A^o v/here A was the s u r f a c e area o f the c o l l e c t o r ; i , the a i r 
> < 1 
- e a r t h c u r r e n t d e n s i t y and A£^i/s^^, the s u r f a c e d e n s i t y o f the bound 
charge. I f the c o l l e c t o r v/as connected t o e a r t h t h r o u g h R and C i n 
p a r a l l e l and V was the p o t e n t i a l o f the c o l l e c t o r v / i t h r e s p e c t t o e a r t h , 
V 
th e n t h e c u r r e n t I t h r o u g h R v/as —; t h e r e v/as a charge Q on t h e capa.citor 
K 
G such t h a t Q = CV and, i f V a l t e r e d , t h e r e was a c u r r e n t ^ - C—r 
dt. d t 
dQ 
th r o u g h C. The t o t a l c u r r e n t from the c o l l e c t o r was th e n I + ^ = 
I + "^ P^ ^^ - Since no charge accumulated on the c o l l e c t o r a p a r t from the 
bound charge t h e n A i + A^o 4r = I + C R — . I f R and c' were chosen so t h a t 
Xl d t 
RC = C A t h e n I was equal t o A i and the c u r r e n t t h r o u g h R.would be o i 
equal t o t h e a i r - e a r t h c u r r e n t t o the c o l l e c t o r w i t h o u t the need f o r 
c o r r e c t i o n f o r t h e displacement c u r r e n t . This amounts t o matching the 
time c o n s t a n t o f t h e c o l l e c t o r c i r c u i t t o the r e l a x s t t i o n t i m e o f the 
lov/er atmosphere. I n p r a c t i c e \ ^ i s not co n s t a n t and so RG v/ould need 
c o n t i n u a l a d j u s t m e n t f o r complete matching. 
ISRAEL(1955) discusses the assumption o f the method t h a t any change 
i n p o t e n t i a l g r a d i e n t i s accompanied by a change i n a i r - e a r t h c u r r e n t the 
c o n d u c t i v i t y r e m a i n i n g c o n s t a n t . A change o f c o n d u c t i v i t y g i v i n g a change 
i n p o t e n t i a l g r a d i e n t would appear as an a i r - e a r t h c u r r e n t . 
RUHNKE(1961) a l s o discusses the e r r o r s of i n c o r r e c t matching. 
CHALMERS(1962) used a m o d i f i c a t i o n o f Wilson's method w i t h charge 
measured by an e l e c t r o n i c a m p l i f i e r . His r e s u l t s showed t h a t the 
assumption o f c o n s t a n t c o n d u c t i v i t y r e q u i r e d by Kasemir's matching c i r c u i t 
was not c o r r e c t . He measured s e p a r a t e l y the charges from the p l a t e on 
u n c o v e r i n g , d u r i n g c o l l e c t i o n and on c o v e r i n g and i n t h i s form h i s 
a p p a r a t u s was not c o n t i n u o u s l y r e c o r d i n g . G0T0(1957) adapted Wilson's 
method t o r e c o r d c o n t i n u o u s l y by having t h r e e p l a t e s r o t a t i n g beneath a 
hol e i n an e a r t h e d cover. Each p l a t e was e a r t h e d when s h i e l d e d from the 
f i e l d , exposed and then s h i e l d e d a g a i n . The net charge a c q u i r e d by the 
e l e c t r o m e t e r i s t h a t from the a i r - e a r t h c u r r e n t . V/hen the p l a t e leaves 
t h e s h i e l d e d r e g i o n i t a c q u i r e s a p o t e n t i a l d i f f e r e n t from t h a t of the 
e a r t h and t h e r e f o r e d i s t o r t s t h e l i n e s o f f o r c e and the c u r r e n t f l o w . 
V/ilson a v o i d e d t h i s by use o f a v a r i a b l e compensating condenser, but t o 
compensate a u t o m a t i c a l l y Goto used a f i x e d condenser w i t h a v a r i a b l e 
p o t e n t i a l s u i t a b l y d e r i v e d from a v;ater-dropper o r an i n v e r t e d f i e l d 
machine. 
I f Goto's apparatus v/as s i m i l a r i n o p e r a t i o n t o an a g r i r a e t e r , VON 
KILINSKI's(1952, 1958) method used the p r i n c i p l e o f the f i e l d m i l l t o 
a v o i d d i r e c t c u r r e n t a m p l i f i c a t i o n . The c u r r e n t from the c o l l e c t i n g 
p l a t e p u t s a p o t e n t i a l on a s t a t i o n a r y vane. A s i m i l a r s t a t i o n a r y vane 
o p p o s i t e has a f i x e d p o t e n t i a l a p p l i e d t o i t , though t h i s vane c o u l d be 
used t o compensate f o r displacement c u r r e n t i f the o u t p u t o f a f i e l d 
machine was connected t h r o u g h a condenser t o i t i n place o f t h e f i x e d 
p o t e n t i a l . 
Below the two s t a t i o n a r y vanes are r o t a t i n g s e c t o r s a l t e r n a t e l y 
. 3 ^ 
e x p o s i n g and s h i e l d i n g a second p l a t e -from the p o t e n t i a l s on the s t a t i o n a r y 
vanes. The a l t e r n a t i n g s i g n a l from the second p l a t e i s a m p l i f i e d and 
r e c t i f i e d . . I n t h e l a t e r paper he p r o v i d e d a matching c i r c u i t i n place o f 
the c a p a c i t o r used t o minimise displacement c u r r e n t e f f e c t s and had the 
c o l l e c t o r p l a t e s l o w l y r o t a t i n g t o break s p i d e r s ' webs. To a v o i d the 
problem o f t h e e l e c t r o d e e f f e c t and t o i n v e s t i g a t e more f u l l y the presence 
of c o n v e c t i o n c u r r e n t s , D0LEZALEK(1960) and I S R A E L and D0LEZALEK(1960) 
suggested a d i r e c t method of measurement u s i n g a s u r f a c e 2 or 3metres 
above the ground and m a i n t a i n e d a t the n a t u r a l p o t e . n t i a l o f the atmosphere 
r a t h e r than u s i n g a ground r e f e r e n c e . They suggested a metal net which 
would not i n t e r f e r e v / i t h the n a t u r a l motion o f the atmosphere. CHALMERS 
(1962) shov'/ed t h a t , a l t h o u g h t h i s method would be o f use i n measuring the 
c o n v e c t i o n c u r r e n t , i t would not d i r e c t l y measure the c o n d u c t i o n c u r r e n t 
as o u t s i d e the r e g i o n o f the e l e c t r o d e e f f e c t the downward p a r t of the 
c o n d u c t i o n c u r r e n t c o n s i s t i n g o f p o s i t i v e i o n s would be n e a r l y equal t o 
the upv/ard p a r t c a r r i e d by the n e g a t i v e s and the t o t a l c u r r e n t t o the net 
v/ould be n e a r l y z e r o . 
'KASEMIR and RUHNKE(1958) suggested-,measurement o f the a i r - e a r t h 
c o n d u c t i o n c u r r e n t by an e a r t h e d w i r e a t a h e i g h t o f 1m., causing a 
c o n c e n t r a t i o n o f c u r r e n t f l o w l i n e s which would enhance the c o n d u c t i o n 
c u r r e n t r e l a t i v e t o any c o n v e c t i o n c u r r e n t p r e s e n t . The p o t e n t i a l g r a d i e n t 
i s measured by a n o t h e r w i r e a t 1m. h i g h a l s o equipped w i t h a r a d i o - a c t i v e 
e q u a l i s e r . 
I f t h e p o t e n t i a l o f the w i r e i s V and i t s c a p a c i t a n c e / u n i t l e n g t h i s 
Q 
C, t h e n t h e c h a r g e / u n i t l e n g t h i s Q such t h a t V + — := 0. Q w i l l not be 
e v e n l y d i s t r i b u t e d but t h e r e w i l l be no p o s i t i v e charges as they i n v o l v e 35 
a d i f f e r e n c e o f p o t e n t i a l a l o n g the w i r e . 
I f t h e r e i s a charge dQ/unit area, then the p o t e n t i a l g r a d i e n t a t the 
s u r f a c e o f th e w i r e =-dQ/e.^. I f the c o n d u c t i v i t y due t o i o n s o p p o s i t e 
i n s i g n t o th e charge Q i s X , the c u r r e n t t o the u n i t area i s d i = -XdQ/^  . 
o 
When i n t e g r a t e d f o r the whole w i r e , i = -\Q/C ^  = \3V/£ as V i s the 
p o t e n t i a l a t 1m. V g i v e s t h e p o t e n t i a l g r a d i e n t F . over the f i r s t metre 
a V 
and i measures a m u l t i p l e o f J-'g^,^* which i s o n l y the u n i p o l a r c o n d u c t i o n 
c u r r e n t a t 1m. i f the p o t e n t i a l g r a d i e n t remains c o n s t a n t over the f i r s t 
m etre. C o n v e c t i o n c u r r e n t e f f e c t s are not i n c l u d e d and so the method i s 
more o f the i n d i r e c t type than the d i r e c t t y p e . X can be found from the 
measurement o f F . and XF 
av av 
KASEMIRCI960) adapted t h i s method f o r b a l l o o n radiosonde work as on l y 
p o t e n t i a l g r a d i e n t and c o n d u c t i v i t y measurements had been c a r r i e d out i n 
the upper a i r ( c f . 3.2.) and i t i s necessary t o measure a l l t h r e e v a r i a b l e s , 
i , X, and V, t o check the degree t o which Ohm's Law i s obeyed. Belov/ the 
radiosonde b a l l o o n , he suspended on a n y l o n cord an antenna which was 
connected v i a a t h r e e - c h a n n e l matching c i r c u i t t o an e l e c t r o m e t e r . The 
second channel o f the matching c i r c u i t was connected t o a lov;er antenna 
h e l d i n p l a c e r e l a t i v e t o the b a l l o o n by an i n v e r t e d parachute. The t h i r d 
channel v/as used f o r z e r o . The upper antenna c o l l e c t e d p o s i t i v e charge, 
the l o w e r n e g a t i v e charge, but the system s u f f e r e d from the f a c t t h a t i t 
v/as measuring XF and not the t o t a l v e r t i c a l c u r r e n t and from the d i f f i c u l t y 
o f matching a t d i f f e r e n t l e v e l s i n the atmosphere, e s p e c i a l l y i n the 
r e g i o n o f austausch ( c f , 3.2.). 
I n h i s paper commenting on the m.ethods 01 I s r a e l and Do l e s a l e k and o f 
Kaserair and Ruhnke, CHALMERS(1962) suggests a f u r t h e r m o d i f i c a t i o n o f 
36 
Wilson's method v/hich w i l l be c o n s i d e r e d i n s e c t i o n 3.3, 
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.3.2. Previous Experiments u s i n g the I n d i r e c t Measurement Methods. 
The method and the t e c h n i q u e s a v a i l a b l e have been d e s c r i b e d b r i e f l y 
i n s e c t i o n 1.3. There have been t h r e e main v a r i a n t s o f the c o n d u c t i v i t y 
measuring d e v i c e - those o f GERDIEN (1905), SCHERIi.'G (1906) and NOLAN and 
N0LAN(1937). The g e n e r a l t h e o r y f o r a c y l i n d r i c a l condenser i n s t r u m e n t 
o f t h i s type (Fig.'4-.) v / i t h a tube r a d i u s of a and a c e n t r a l v/ire r a d i u s 
of b v/hen a p o t e t n i a l V i s a p p l i e d and a i r drawn t h r o u g h a t a v e l o c i t y U 
i s as shov/n. 
At a p o i n t r from t h e a x i s o f the c e n t r a l w i r e the p o t e n t i a l g r a d i e n t 
_ — j _ o n o f m o b i l i t y w a t the o u t e r w a l l w i l l move a r a d i a l r i n i . a / b ; 
, • j_ • • , dr r l n ( a / b ) •, • , ' j. • a i s t a n c e dr m a time d t , where d t = — . r-, — and m t e r r a t i n g over 
the dista.nce from the o u t e r t o i n n e r c y l i n d e r t = — — '• — — . Dur i n g (a"-b^) l n ( a / b ) wV 
t h i s time the a i r w i l l have' moved a d i s t a n c e Ut a l o n g the c y l i n d e r . I f 
t h i s d i s t a n c e i s l e s s t h a n L, the l e n g t h of the i n n e r w i r e , then the whole 
o f the moving i o n s v / i l l be c o l l e c t e d , i . e . U <^  ^ . I f U i s cvlch l a r g e r 
t h a n ~, t h e n o n l y a f r a c t i o n o f the i o n s v / i l l reach the i n n e r c y l i n d e r . 
I n a s i m i l a r rnanner, i f t h e c e n t r a l w i r e i s a d i s t a n c e S from the 
X S 
e n t r y p o i n t o f the apparatus t h e n o n l y when U y — w i l l t.lie i o n s reach 
the v/ire and Ohm's Lav/ h o l d . 
The number o f i o n s under t h i s c o n d i t i o n which w i l l t h e n reach the 
c e n t r a l w i r e i n u n i t ' t i m e w i l l be t h a t number i n r a d i u s R where 
U(R'^-b'~)ln(a/b) = 2wVL. I f t h e r e are n.^  i o n s per u n i t volume o f m o b i l i t y 
2ri '^ v VL ^ X v L 
w^  , t h e n the c u r r e n t a t the c e n t r a l c y l i n d e r i = T^^^^^J" = i7(F7b7 
from which can be found as can X^ , i f the p o t e n t i a l ' i s r e v e r s e d . 
Gerdien's o r i g i n a l method was t o charge the c e n t r a l e l e c t r o d e t o a 38 
p o t e n t i a l V^ w i t h the o u t e r e l e c t r o d e e a r t h e d and then f i n d the p o t e n t i a l 
\ ^ V V a f t e r a t i m e t , such t h a t = ~o I n . -1. 
• " ^2 
NOLAN(19^0) a l t e r e d the p o t e n t i a l o f the o u t e r c y l i n d e r i n such a 
way as t o keep the c e n t r a l w i r e a t a con s t a n t p o t e n t i a l , thus making the 
system a n u l l method and removing t h e e f f e c t o f s t r a y c a p a c i t i e s on the 
above system. 
SCHERING(1906) used the r e l a x a t i o n time f o r a charged conductor as 
a method o f f i n d i n g the c o n d u c t i v i t y as 'u, = ^/\ i andT"^ = .^^ //.p 
under c o n d i t i o n s i n v/hich Ohm's Lav/ h o l d s . I t i s d i f f i c u l t ' t o ensure 
that Ohm's Law does h o l d because o f induced charges which vary as the 
p o t e n t i a l v a r i e s . These he avoided by p u t t i n g the v/ire i n a l a r g e 
e a r t h e d cage. I f t h i s i s done then care must be taken not t o enclose 
the conductor t o t a l l y and g i v e c o n d i t i o n s o f s a t u r a t i o n r a t h e r than Ohm's 
Law and t o a v o i d the e a r t h e d screen from c o l l e c t i n g induced charges 
v;hich may a f f e c t i o n s approaching the conductor. To prevent t h i s , the 
whole i s p l a c e d beneath t r e e s or a r o o f . 
NOLAN and NOLAN(1937) o b t a i n e d from /-.^  = n^ew^ by a • combination 
o f the Ebe r t and Gerdien methods. They used two l a r g e i d e n t i c a l 
c y l i n d e r s , one o f v/hich c o l l e c t e d a l l the ions o f m o b i l i t y above a 
c e r t a i n v a l u e g i v i n g n^e. To the o t h e r , ' s m a l l e r p o t e n t i a l s were a p p l i e d 
i n s u c c e s s i o n and th e sl o p e o f t h e r e s u l t i n g c u r r e n t vs p o t e n t i a l curves 
gave - n^ev/^. By d i v i s i o n , v/^  v/as o b t a i n e d v/hich i s a more r e l i a b l e 
v a l u e than t h a t o b t a i n e d by o t h e r methods. The value o f n^e v/as then 
o b t a i n e d from a s t a n d a r d Sbert i o n counte r and r e c a l c u l a t e d more 
a c c u r a t e l y . 
Modern p r a c t i c e i s t y p i f i e d by the apparatus of HIGAZI and CHALMERS 
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:.g. 4. C o n d u c t i v i t y Measuring System a f t e r 
Hogg(1939) and H i g a z i & Chalmers(1966) 
(1966) which c o n s i s t e d o f Gerdien tubes v / i t h c o n s t a n t a p p l i e d p o t e n t i a l s , 
the c u r r e n t b e i n g measured by v i b r a t i n g reed e l e c t r o m e t e r s . The tubes 
a r e m a i n t a i n e d a t the p o t e n t i a l o f t h e i r s u r r o u n d i n g s by a " s e r v o p o t e n t i o m e t e r 
d r i v e n by t h e a m p l i f i e d and r e c t i f i e d o u t p u t o f a f i e l d m i l l . ( F i g . i f . ) . The 
d e s i g n o f c o n d u c t i v i t y meters, l i k e t h e d e s i g n o f f i e l d m i l l s , can t h e n 
be c o n s i d e r e d t o have reached a reasonably s a t i s f a c t o r y s t a t e i n t h a t 
s t a n d a r d i s e d i n s t r u m e n t s can be produced and used i n a way which w i l l 
enable t h e e x p e r i m e n t e r t o d i s t i n g u i s h the v a r i a t i o n s o f the system which 
he i s measuring from t h e e f f e c t s of the system on h i s a p p a r a t u s . 
As t h e e f f e c t o f space charge, the unbalanced charge present i n a 
volume o f a i r , appears t o be i m p o r t a n t t o the c o n s i d e r a t i o n o f d i r e c t and 
i n d i r e c t methods o f a i r - e a r t h c u r r e n t i t w i l l not be out o f place t o 
c o n s i d e r b r i e f l y here t h e main methods o f space eharge measurement. They 
can be c o n s i d e r e d under f o u r headings. 
1. Space charge i s drawn i n t o an e a r t h e d cage and the p o t e n t i a l a t 
a p o i n t i n the cage i s measured. 
2. The v;hole space charge i n a volume o f a i r i s c o l l e c t e d and measured, 
3. Poisson's Law i s used t o deduce space charge from changes i n 
p o t e n t i a l g r a d i e n t w i t h h e i g h t . 
^. C o l l e c t i o n by e l e c t r o s t a t i c means; i o n c o u n t e r s t o which f i e l d s 
o f e i t h e r s i g n are a p p l i e d a l t e r n o . t e l y or s i m u l t a n e o u s l y . 
A f u l l d e s c r i p t i o n of these methods v;as g i v e n by VONNEGUT and MOOi?E(l958) 
who developed apparatus o f type 1. and suggested the use o f apparatus o f 
type 2. w i t h g l a s s wool f i l t e r s t o c o l l e c t the t o t a l space charge. BENT 
(1964) c o n s t r u c t e d such an i n s t r u m e n t . I n order t o a v o i d t h e e f f e c t s o f 
induced charges and t h e d i s t u r b a n c e o f the e x i s t i n g e l e c t r i c a l s t a t e i t 
ho 
i s d e s i r a b l e t o m a i n t a i n the cover o f a f i l t r a t i o n apparatus a-t the 
p o t e n t i a l o f i t s s u r r o u n d i n g s , a l t h o u g h i t i s o b v i o u s l y u n d e s i r a b l e t o use 
an i o n o r d r o p l e t - p r o d u c i n g e q u a l i s e r f o r t h i s purpose. Perhaps the 
passive probe o f GROSISS(1963b) V;ith an antenna form o t h e r than t h a t o f 
the l o n g v/ire n i g h t be of use here. 
Measuroisent o f space charge i s a s e n s i t i v e v;ay 01 n e a s u r i n g a change 
i n p o t e n t i a l g r a d i e n t as f o r i n s t a n c e i t i s not p o s s i b l e a t the Tioment 
t o nsasure a p o t e n t i a l g r a d i e n t change of/Vm ' but i t i s p o s s i b l e t o 
measure the Kp3.ce charge present a t t h i s change. 
C o n d u c t i v i t y measuring apparatus has been adapted f o r use i n b a l l o o n s 
(G07<IIiI?I et a l and o t h e r s ) and i n a i r c r a f t (GISH and V/AIT 1950, 
KRAAK.dVIK and CLAI^K 1958 and o t h e r s ) as has p o t e n t i a l g r a d i e n t measuring 
a p p a r a t u s . Ol'here are d i f f i c u l t i e s i n the use o f such apparatus as th;.-
a i r c r a f t d i s t o r t s the f i e l d and i s very l i a b l e t o become charged i t s e l f . 
I t i s i m p o r t a n t , hov/ever, t o a t t e m p t these measurements as they g i v e 
i n s i g h t i n t o t h e system av/ay from the v i c i n i t y - o f the n e g a t i v e e l e c t r o d e 
and a l s o o u t s i d i the "austausch" r e g i o n - a r e g i o n o f c o n t i n u a l m i x i n g o f 
the a i r e x t e n d i n g from the e a r t h ' s s u r f a c e t o a l;.eight '..'hich i s determined 
by the m e t e o r o l o g i c a l c o n d i t i o n s p a r t i c u l a r l y t emperature. 
T h i s r e g i o n , v/hich may be up t o 3^-';"'. h i g h i s v;here s n a i l - s c a l e 
c o n v e c t i o n c u r r e n t s occur m i x i n g the s u r f a c e a i r ?.nd i t s c o n s t i t u e n t ions 
t h o r o u g h l y t h r o u g h t h e r e g i o n . The h e i g h t o f t h i s r e g i o n i s governed by 
the l e v e l o f temperature i n v e r s i o n and SAGALYN and FAUCKZK (195^) found 
a v e r y d i s t i n c t i n c r e a s e i n p o s i t i v e c o n d u c t i v i t y as w e l l as changes i n 
tem p e r a t u r e , h u m i d i t y and l a r g e i o n c o n t e n t i n passing t h r o u g h the upper 
l i m i t o f t h i s r e g i o n . 
HIGAZI and CHALMERS(1966) found evidence o f the e f f e c t of t u r b u l e n c e 
and wind speed on the r a t i o s o f the c o n d u c t i v i t i e s a t-and close t o ground 
l e v e l , oo i t i s apparent t h a t t u r b u l e n t m i x i n g must be considered another 
'boundary' e f f e c t t o add t o the e l e c t r o d e e f f e c t when the c o n d u c t i o n c u r r e n t 
i s measured c l o s e t o the e a r t h ' s s u r f a c e . 
The importance o f c o n v e c t i o n c u r r e n t s can be assessed i f the co n d u c t i o n 
c u r r e n t i s measured by the i n d i r e c t method a t d i f f e r e n t l e v e l s . I f t h e r e 
i s no c o n v e c t i o n c u r r e n t , then t h e - c o n d u c t i o n c u r r e n t w i l l be the same 
a t a l l l e v e l s . 
Measurement o f the i n d i r e c t method i n v o l v e s measuring the p o t e n t i a l 
g r a d i e n t as w e l l as the c o n d u c t i v i t y and because 01 t n. 6 s e l f charge 
possessed by t h e b a l l o o n or a i r c r a f t , a s i n g l e f i e l d m i l l cannot be used 
as t h e charge on a p o r t i o n o f a conductor w i l l depend on the e x t e r n a l 
p o t e n t i a l g r a d i e n t and on t h e p o t e n t i a l d i f f e r e n c e between the conductor 
and i t s s u r r o u n d i n g s . 
I f two f i e l d machines are used a t places on the conductor symmetrical 
w i t h r e s p e c t . t c a h o r i z o n t a l p l ane, t h e n the sum of the charges and hence 
the sum o f t h e o u t p u t s o f the machines w i l l be p r o p o r t i o n a l t o the 
p o t e n t i a l d i f f e r e n c e between the cases and t h e i r s u r r o u n d i n g s and the 
d i f f e r e n c e o f o u t i j u t s w i l l be p r o p o r t i o n a l t o the a c t u a l p o t e n t i a l g r a d i e n t . 
GUNN e t al(19''l-6), GUNH(1948) and GISH and WAIT(1950) used two separate 
f i e l d machines above and below the v/ings. Others, JONES et al(1959)t 
CURRIE and KEEIELSHEIMEH(196O), KOBAYASKland KYOZUKA(1962) have used 
double f i e l d machines o f v a r i o u s t y p e s . By u s i n g more f i e l d machines s t i l l 
i t i s p o s s i b l e not o n l y t o f i n d the s e l f charge, but a l s o the h o r i z o n t a l 
components o f t h e p o t e n t i a l g r a d i e n t . 
v / i t h b a l l o o n s and g l i d e r s , v/here the speed o f movement i s l e s s than 
f o r a i r c r a f t , t h e s e l f charge has sometimes been n e u t r a l i s e d bj' w a t e r -
droppers - e.g. LINi';E(l 904), LEGOLAZET (19^8 ) . 
V/ith a double f i e l d m i l l , t h e p o t e n t i a l g r a d i e n t can be separated, 
but the ap p a r a t u s w i l l s t i l l d i s t o r t l i n e s o f f o r c e and, where o t h e r 
apparatus i s c l o s e , t h i s may be i m p o r t a n t . SMIDDY and CHALMERS(19!5S) 
minimised t h e d i s t o r t i o n by d e s i g n i n g a servo-mechanism t o reduce the 
sum o f the o u t p u t s t o zero and thus b r i n g the m.achine t o the p o t e n t i a l 
o f i t s s u r r o u n d i n g s , 
V/ILD!iAN(l962) devised a f i e l d m i l l s u i t a b l e f o r use when the 
c o n d u c t i o n c u r r e n t i s no l o n g e r sm.all compared w i t h the i n d u c t i o n s i g n a l . 
His machine had a r o t o r w i t h two c o n c e n t r i c r i n g s o f holes c o v e r i n g and 
u n c o v e r i n g two s e t s o f i n s u l a t e d studs g i v i n g two separate s i g n a l s w i t h 
d i f f e r e n t dependence on p o t e n t i a l g r a d i e n t and c o n d u c t i o n c u r r e n t , a l l o w i n g 
these tv;o e f f e c t s t o be d i s t i n g u i s h e d . 
^3 
CHj\LMEES (1952) shov/ed t h a t the a t t e m p t s o f I s r a e l and Dolez-alek and 
o f Kasemir and Ruhnke t o a v o i d the e l e c t r o d e e f f e c t and t o measure 
d i r e c t l y the c o n d u c t i o n c u r r e n t a t another l e v e l ' o t h e r than t h a t o f 
ground v;ore not t r u l y measuring c o n d u c t i o n c u r r e n t . Chalmers suggested 
an a l t e r n a t i v e method based on V/ilson's apparatus. \/ILoON(1903) m.easured 
the a i r - e a r t h c u r r e n t d i r e c t l y v ; i t h a l a r g e c o l l e c t i n g p l a t e placed i n 
the plane o f the e a r t h and e l i m i n a t e d the displacement c u r r e n t by 
measuring the a'/crage c u r r e n t over a r e l a t i v e l y l o n g p e r i o d of t i m e . 
Chalmers suggested tv;o h o r i z o n t a l p l a t e s separated by a t h i n l a y e r of 
i n s u l a t i n g m a t e r i a l , p l a c e d i n the plane, but above the l e v e l 'of the 
e a r t h ' s s u r f a c e and h e l d a t the p o t e n t i a l of the s u r r o u n d i n g s , which 
v;ould then r e c e i v e d i f f e r e n t components of the c o n d u c t i o n c u r r e n t . The 
upper p l a t e v;ould r e c e i v e the p o s i t i v e component o f the c o n d u c t i o n and 
the lov.-er p l a t e the n e g a t i v e component. By measuring each s e p a r a t e l y , 
the t o t a l c u r r e n t c o u l d be o b t a i n e d . 
The e x t e n t t o v/hich t h e system, v.-as a f f e c t e d by c o n v e c t i o n c u r r e n t s 
ivould depend on the s i z e o f the c o l l e c t i n g p l a t e s . The method of 
m a i n t a i n i n g the systcmi a t the p o t e n t i a l o f the suri'oundings should be a 
more modern v e r s i o n of the apparatus o f 3CEA£E(193.?) '••ith a f a s t e r 
response t i m e , so t h a t the system c o u l d r e c o r d s i m u l t a n e o u s l y , and 
compensation f o r the displacement c u r r e n t should be based on b a l a n c i n g 
the change i n t h e bound charge on the c o l l e c t o r s u r f a c e by the use o f 
c a p a c i t o r s . Obviously f o r t h i s compensation t o be e f f e c t i v e , the response 
t i m e must a l s o be v e r y s h o r t . 
An u n s u c c e s s f u l .attempt was made t o put these suggestions of Chalmers 
i n p r a c t i c e and t h e d e s c r i p t i o n o f t h i s a t t e m p t v ; i l l be a convenient 
framework f o r d i s c u s s i o n o f f u r t h e r e x p e r i m e n t a l p o i n t s . 
The c u r r e n t c o l l e c t o r c o n s i s t e d of two c i r c u l a r p l a t e s o f aluminium 
s e p a r a t e d by an i n s u l a t i n g sheet o f perspex a p p r o x i m a t e l y 6mm. t h i c k 
b o l t e d t o g e t h e r by ny5.on nuts and b o l t s set i n perspex i n s u l a t i n g c o l l a r s . 
The 'sandwich' v;as mounted on f o u r wooden posts by means o f perspex 
i n s u l a t o r s . The p o s t s dropped i n t o brass tubes c o m p l e t e l y sunk i n the 
ground and h e l d r e l a t i v e t o one a n o t h e r by a m e t a l X-piece a l s o below 
ground. The h e i g h t o f the p l a t e c o u l d be a l t e r e d by adding or removing 
wood b l o c k s o f a p p r o p r i a t e s i z e i n t o t h e brass t u b e s . 
The c o l l e c t o r i s an u n s h i e l d e d c o l l e c t o r and t h e r e f o r e the edge 
e f f e c t s a r e minimised by h a v i n g a c i r c u l a r shape which has t h e l e a s t 
c i r c u m f e r e n c e f o r a g i v e n area. The s i z e of the c o l l e c t o r must be a 
compromise betv.'een o b t a i n i n g the l a r g e s t p o s s i b l e s i g n a l from the plat.e 
and the ease w i t h which the p l a t e can be moved from one h e i g h t t o a n o t h e r . 
An area o f 1 square metre v;as chosen. T h i s s i m p l i f i e s the c u r r e n t d e n s i t y 
c a l c u l a t i o n s and means the measuring i n s t r u m e n t a t t a c h e d t o the p l a t e must 
be capable o f measuring 2 x 10 amps. The o t h e r f a c t o r s i n f l u e n c i n g 
s i z e a r e t h e degree o f r i g i d i t y r e q u i r e d and the number o f s u p p o r t s a l l o w e d . 
To minimise p i e z o - e l e c t r i c e f f e c t s i n the i n s u l a t i n g l a y e r and a l s o 
t o ensure t h a t the p l a t e i s t r u l y i n the plane o f the e a r t h ' s s u r f a c e , the 
p l a t e must be as r i g i d as p o s s i b l e . To minimise, d i s t o r t i o n t o the l i n e s 
o f f o r c e , the number o f s u p p o r t s must be the minimum p e r m i s s i b l e . 
• V/ood was chosen f o r t h e s u p p o r t s as, a l t h o u g h not an e x c e p t i o n a l 
i 
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P l a t e 2b The Current C o l l e c t o r 
i n s u l a t o r , t h e leakage o f charge would be sm.all, and y e t , because o f the 
s l i g h t c o n d u c t i v i t y , the charge they h o l d would be s m a l l and so the 
d i s t o r t i o n t h ey cause w i l l a l s o be s m a l l . 
The i n s u l a t o r s were n o t heated, a l t h o u g h t h i s can be done by usi n g 
h e a t e r c o i l s wound on the i n s u l a t o r s u p p o r t s , s i n c e f o r f i n e weather work, 
the c o l l e c t o r i s not used i n c o n d i t i o n s o f dampness and the v/armth o f the 
h e a t e r a t t r a c t s s p i d e r s . V/hen not i n use and i n r a i n , the p l a t e was covered 
by v/aterproof canvas guyed down. T h i s p r o t e c t e d the upper p l a t e , but 
r a i n splashes from the ground reached the lov/er p l a t e even when a t 30cm. 
above the ground. 
I t ' w a s found d i f f i c u l t t o preven t p i e z o - e l e c t r i c e f f e c t s and leakage 
between t h e p l a t e s w i t h o n l y 6mm. gap and p l a t e 2. shows the c o l l e c t o r . 
r e b u i l t w i t h 2.5cm. P.T.F.S. p i l l a r s between the upper and lower p l a t e s 
•with aluminium cross braces on inward f a c i n g s i d e s o f the sandw'ich. 
T h i s i s l e s s a c c e p t a b l e t h e o r e t i c a l l y , as the upper and lower p l a t e s are 
now so f a r s e p a r a t e t h a t t hey no l o n g e r remain a t the same h e i g h t . But 
the p l a t e s must s t i l l be kept a t the same p o t e n t i a l or t h e r e w i l l be a 
c o n d u c t i o n c u r r e n t betv/een them. 
T h i s form o f c o l l e c t o r was chosen t o be as simple as p o s s i b l e and t o 
a l l o w a n a t u r a l grass e a r t h s u r f a c e t o be below i t . 
I t v/ould appear necessary, however, t h a t the c o l l e c t o r p l a t e should 
be p r o p e r l y engineered, p r e f e r a b l y on the r o o f o f an underground 
l a b o r a t o r y such tha.t l e v e l s and s t r a i n s can be p r o p e r l y a d j u s t e d . I t may 
be an advantage t o have mors than one sandwich p l a t e a f t e r the f a s h i o n 
o f GOTO(1957) or COBB and PHILLIPS(1962). Measurement of the charge 
c o l l e c t e d by the p l a t e can be made by an e l e c t r o m e t e r , by discharge 
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F i g , 5, The P h o t o c e l l Galvanometer A.mplifier 
t h r o u g h a b a l l i s t i c galvanometer or by d i r e c t c u r r e n t a m p l i f i c a t i o n . 
CHALMERS and LITTLE(19^7) o b t a i n e d r e s u l t s f o r f i n e weather 
c o n d u c t i o n c u r r e n t u s i n g a h i g h l y s e n s i t i v e b a l l i s t i c galvanometer. Use 
o f a b a l l i s t i c galvanometer means t h a t r e c o r d i n g must be s e q u e n t i a l r a t h e r 
than t r u l y c o n t i n u o u s and i n an a t t e m p t t o reduce the time betv/een 
d i s c h a r g e s a p h o t o c e l l a m p l i f i e r based on the design i n ref e r e n c e ( 1 1 ) was 
c o n s t r u c t e d ( F i g . 5 ) . A lamp was mounted so t h a t i t s beam was r e f l e c t e d 
by t h e p r i m a r y galvanometer t o the apex o f a r i g h t angled p r i s m . The 
beam i s d i v i d e d by the prism on t o tv/o 90CV p h o t o c e l l s chosen f o r t h e i r 
la.rge s u r f a c e area. The p h o t o c e l l s v.-ere p a r t o f a balance c i r c u i t and a 
secondary galvanometer i n d i c a t e d the c u t - o f - b a l a n c e throv; o f the . c i r c u i t . 
The prism, v.^ as m.ounted on a t u r n t a b l e t o in c r e a s e the degree of adjustment. 
The necessary s e q u e n t i a l o p e r a t i o n s can be achieved a u t o m a t i c a l l y by-
v a r i o u s methods. A system o f p o l a r i s e d r e l a y s and a Thorn r o t a r y s t e p p i n g 
r e l a y o p e r a t e d by a cam from a synchronous motor was found most r e l i a b l e 
( P l a t e 3«)j a l t h o u g h a pulse t i m e r such as the cold-cathode valve c i r c u i t 
o f BRITEC L t d . ( 8 ) i s more s o p h i s t i c a t e d . 
The dr3.v/back t o a l l p h o t o c e l l a m p l i f i c a t i o n methods o f the type used 
i s t h a t the noise l e v e l o f the pr i m a r y galvanometer i s a m p l i f i e d w i t h the 
s i g n a l and i f the s i g n a l s are close t o the l i m i t o f s e n s i t i v i t y o f the 
galvanometer t h e n t h e y a r e no more e a s i l y separated than b e f o r e . 
As an a l t e r n a t i v e t o galvanometer m.easurement a D.C. a m p l i f i e r u s i n g 
an i n v e r t e d t r i o d e a f t e r the f a s h i o n o f Rowson e t a l (9) (10) can be 
b u i l t , a l t h o u g h i n the example c o n s t r u c t e d f o r t h i s work g r e a t d i f f i c u l t y 
was e x p e r i e n c e d i n a c h i e v i n g s t a b i l i t y . KAY(1930) produced an e l e c t r o n i c 
method o f measuring s m a l l d i r e c t c u r r e n t s . CHALMERS(1956) used a valve 
P l a t a '•^ The Timing M^chanirm 
e l e c t r o m e t e r and a m i n i a t u r e e l e c t r o m e t e r v a l v e c i r c u i t was used by 
CR0ZIER(1963). IHIANIT0V(1938) has made a survey o f such e l e c t r o n i c methods. 
Perhaps the most common form o f e l e c t r o m e t e r c i r c u i t i s the v i b r a t i n g 
reed e l e c t r o m e t e r . T h i s had not been t r i e d o r i g i n a l l y as the system o f 
compensation f o r displacem.ent c u r r e n t envisaged r e q u i r e d the o p e r a t i o n o f 
the e l e c t r o m e t e r r e f e r e n c e d not t o e a r t h T j o t e n t i a l but the p o t e n t i a l o f 
the c o l l e c t o r p l a t e s ' s u r r o u n d i n g s and i t was considered t h a t t h i s v;ould 
a f f e c t i t s s t a b i l i t y t o o d r a s t i c a l l y . I t had, however, the c o r r e c t ' 
s e n s i t i v i t y ( 3 x 10 'amps, f u l l s c a l e ) and p r e l i m i n a r y experiments 
i n d i c a t e d t h a t i t o p e r a t e d s u c c e s s f u l l y a t a p o t e n t i a l o f 100 v o l t s above 
t h a t o f e a r t h and t n a t when t h i s p o t e n t i a l was changed r a p i d l y , the 
d i s t u r b a n c e C3.used v/as n e g l i g i b l e . The head u n i t s o f two Ekco- V i b r a t i n g 
reed e l e c t r o m e t e r s v;ere t h e r e f o r e a t t a c h e d t o the c o l l e c t o r , one t o each 
p l a t e i n such a way as t o be i n s u l a t e d from the supports but t o minimise 
d i s t o r t i o n ( P l a t e 2.). The measuring u n i t s were l i k e w i s e i n s u l a t e d , so 
t h a t the system c o u l d be m a i n t a i n e d a t a p o t e n t i a l close t o t h a t of the 
c o l l e c t o r ' s s u r r o u n d i n g s . T h e i r i n i t i a l performance i n the open suggested 
t h a t the c o l l e c t o r p l a t e sandwich, as o r i g i n a l l y b u i l t , generated r e l a t i v e l y 
l a r g e p i e s o - e l e c t r i c charges. 
I n o r d e r t o m a i n t a i n t h e c u r r e n t - c o l l e c t i n g system a t the p o t e n t i a l 
o f i t s s u r r o u n d i n g s , t h e p o t e n t i a l g r a d i e n t must be measured by a f i e l d , 
machine such t h a t the o u t p u t o f the f i e l d machine can be a p p l i e d t o the 
c u r r e n t c o l l e c t o r . SHIDDY and CHALMERS(I96O) adapted a Honeywell Brown 
E l e c t r o n i c c h a r t r e c o r d e r t o balance c o n t i n u o u s l y the o u t p u t s o f a double 
f i e l d m i l l and thus keep i t a t the p o t e n t i a l o f i t s s u r r o u n d i n g s . 
As o r i g i n a l l y c o n s t r u c t e d , t h e con t i n u o u s balance u n i t o f the r e c o r d e r 
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compares,by a p o t e n t i o m e t r i c method^ an i n p u t e.m.f.^generated by a 
thermocouple or s i m i l a r DC source^v/ith ah e.m.f. o f Icnov/n value s u p p l i e d 
by the i n s t r u m e n t . Any d i f f e r e n c e between the v o l t a g e of the thermocouple 
and t h a t o f the p o t e n t i o m e t e r s l i d e i s converted i n t o AC by a v i o r a t i n g 
r e e d and t h e n i n power g i v i n g a f i n a l o u t p u t which a c t u a t e s a servo 
motor. The servo motor d r i v e s the s l i d e t o the c o r r e c t p o t e n t i a l ( F i g . G ) . 
For t h e b a l a n c i n g system t o be o f use . i n the p r o v i s i o n o f v o l t a g e s 
e q u i v a l e n t t o the p o t e n t i a l i n the atmosphere, the v o l t a g e across the 
s l i d e v/ire must be s e v e r a l hundred times t h a t o r i g i n a l l y s u p p l i e d . The 
o r i g i n a l s l i d e w i r e must t h e r e f o r e be r e p l a c e d by a composite r e s i s t a n c e 
c o n s t r u c t e d on a t u i n o l s t r i p . T h i s composite r e s i s t a n c e c o n s i s t e d o f 
1 " 
101 10BA b o l t s s e parated from each o t h e r by a 4^ gap, the p o t e n t i o m e t e r 
s l i d e moving over the b o l t heads. To the re v e r s e s i d e o f the b o l t s , a 
hundred 10K ohm r e s i s t o r s mounted i n banks on p r i n t e d c i r c u i t were s o l d e r e d , 
I n o p e r a t i o n a few c o n t a c t s a t each end have t o be s h o r t e d out t o b r i n g 
the s l i d e zero and f u l l s c a l e i n co i n c i d e n c e w i t h zero and maximum 
v o l t a g e . 
HIGAZI and CHALMERS(19D6) have d e s c r i b e d the use of t h i s system t o 
m a i n t a i n c o n d u c t i v i t y meters a t the p o t e n t i a l o f t h e i r s u r r o u n d i n g s . The 
o u t p u t o f a c o n v e n t i o n a l s i n g l e f i e l d m i l l S9t up i n a p i t a few metres 
from t h e c o n d u c t i v i t y meters was a m p l i f i e d and r e c t i f i e d and a p p l i e d 
t o the r e c o r d e r . The f i e l d m i l l g i v e s an o u t p u t independent o f the 
s i g n o f the p o t e n t i a l g r a d i e n t and some method o f s i g n d i s c r i m i n a t i o n 
i s u s u a l l y r e q u i r e d . ( c f . MAPLESON and WEITLOCK, 1955; ADAMSON, I96O; 
MALAN and SCHONLAND, 1950; COLLIN, 1962 e t c . ) 
H i g a z i and Chalmers avoided the need f o r s i g n d i s c r i m i n a t i o n by 
>^9 
permanently d i s p l a c i n g the zero by a s m a l l charged p l a t e near the m i l l . 
T h i s i s p e r m i t t e d i f i t i s assumed t h a t the p o t e n t i a l g r a d i e n t between 
the ground and the l e v e l o f the c o n d u c t i v i t y meters i s n e a r l y u n i f o r m 
and thus almost f r e e from space charge. I n t h e i r case, measurement 
o f space charge(5SNT and HUTCHINSOW, 1956) j u s t i f i e d t h i s assumption. 
The p o r t i o n o f the f i e l d m i l l o u t p u t caused by t h i s displacement was 
backed o f f by a s u i t a b l e c i r c u i t p r i o r t o ' t h e o u t p u t being a p p l i e d t o 
the Honeywell r e c o r d e r . 
Some work, was done on a s i m i l a r system and the p r i n c i p l e c o u l d be 
a p p l i e d t o any f i e l d machine v.'ith a s u f f i c i e n t l y r a p i d response t i m e . 
There are disadvantages about u s i n g a f i e l d m i l l f o r the measurement of 
the p o t e n t i a l g r a d i e n t when the measurement i s t o be r e l a t e d t o the 
s i z e a b l e a r e a o f a d i r e c t method c u r r e n t c o l l e c t o r . The f i e l d m i l l 
i s e s s e n t i a l l y a p o i n t measurement and, i f p o s i t i o n e d a t any l e v e l 
a.bove ground l e v e l , r e q u i r e s a r e d u c t i o n f a c t o r t o compensate f o r the 
d i s t o r t i o n i t causes. The p u b l i c a t i o n o f CROZIER'5(1965) d e s c r i p t i o n . 
of a pa s s i v e antenna or passive probe o f f e r s the advantage of 
1 . a v o l t a g e o u t p u t e q u i v a l e n t t o the average value of the f i e l d over 
t h e area enclosed by i t s antenna 
2 . a f a s t response time t o f i e l d changes a t the antenna h e i g h t 
5. the f e a s i b i l i t y o f sevei-al antennae, f r e e from mutual i n t e r f e r e n c e , 
v e r t i c a l l y above each o t h e r and a t l e v e l s between the ground and 1m. 
DOLEZALEK(1963) s a i d t h a t c o n v e c t i o n c u r r e n t s v/ould charge i t l i k e r a i n d r o p s . 
The p r i n c i p l e o f the passive probe i s very o l d and was used by 
LEMONNIER (1752) i n some o f the e a r l i e s t measurements o f f i n e weather-
phenomena. 
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F i g . 7. 
A s t r e t c h e d i n s u l a t e d w i r e or probe a c q u i r e s the p o t e n t i a l o f i t s 
s u r r o u n d i n g s because o f the c o n d u c t i v i t y o f the a i r but t h i s i s a slow 
process as t o remove a d i f f e r e n c e i n p o t e n t i a l , charge o f one s i g n must 
be c a r r i e d t o the w i r e or charge o f the o t h e r s i g n removed. T h i s process 
can be speeded up by e i t h e r i o n i z i n g the s u r r o u n d i n g a i r or c a r r y i n g 
p a r t i c l e s away from the c o l l e c t o r . The l a t t e r v/as implemented by VCLTA 
doOO) u s i n g a fuse and by KELVIN (1859) u s i n g a v/ater-dropper. 
The i o n i z a t i o n o f the s u r r o u n d i n g a i r can be achieved by u s i n g a 
r a d i o - a c t i v e source; the most common be i n g polonium,anc<-source. As 
these 'loaded' probes were f a s t e r i n response and thus more s u i t a b l e f o r 
c o n t i n u o u s r e c o r d i n g , they became more h i g h l y developed than the 
'unloaded' o r passive probes. I t i s o n l y r e c e n t l y t h a t the measuring 
t e c h n i q u e s designed f o r loaded probes have been m o d i f i e d f o r passive 
probes. 
The r a d i o - a c t i v e probe i s the best o f the loaded probes. This 
measures t h e p o t e n t i a l betv/een the h e i g h t o f the antenna and the e a r t h ' s 
s u r f a c e . I f t h e r e i s a leakage p a t h t o e a r t h from the probe, then the 
antenna w i l l n ot come t o the p o t e n t i a l o f i t s s u r r o u n d i n g s and i t would 
be u n l i k e l y t h a t any l e a k would remain c o n s t a n t . 
The f i r s t a t t e m p t t o pr e v e n t such leakage was when GISH and SHERMAN 
(1929) surrounded the i n s u l a t o r o f t h e i r apparatus w i t h metal connected 
t o a p o t e n t i o m e t e r and m a i n t a i n e d a t the p o t e n t i a l o f the apparatus. 
Being a n u l l method t h i s gave more s e n s i t i v e r e a d i n g s but constant 
a d j u s t m e n t rendered i t u n s u i t a b l e f o r continuous r e c o r d i n g . 
BKEWER(1953 - Fig.'f) used n e g a t i v e feedback t o guard a l e a k - f r e e 
r a d i o - a c t i v e c o l l e c t o r m a i n t a i n i n g the n u l l r e a d i n g and y e t r e c o r d i n g 
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c o n t i n u o u s l y . H i s c i r c u i t was developed from one a p p l i e d by FARMEH(19^2' 
- F i g . ? ) t o an i o n i z a t i o n chamber and i t i s h i s c i r c u i t which has i-n 
t u r n been m o d i f i e d by G r o z i e r f o r the passive probe. 
Farmer r e p l a c e d the e l e c t r o m e t e r suspension f i b r e w i t h the h i g h l y 
i n s u l a t e d ;jTid o f an e l e c t r o m e t e r v a l v e . His o r i g i n a l c i r c u i t o n l y took 
a p o s i t i v e s i g n a l , a l t h o u g h I-iUilLEISEf-3(1951 ) adapted i t t o take s i g n a l s . 
c f b o t h s i g n s . 
Brewer a l s o used a c e n t r e zero arrangement t o accept n e g a t i v e s i g n a l s 
and h i s c i r c u i t produced s u f f i c i e n t pov/er t o d r i v e a d i r e c t v / r i t i n g 
r e c o r d e r . His f i n a l c i r c u i t had a range of ^ rpOOv and an a m p l i f i c a t i o n 
f a c t o r o f 0 .99 . 
The r a d i o - a c t i v e probe, d e s p i t e i t s p o p u l a r i t y compared w i t h the 
pass i v e probe, has i t s d i s a d v a n t a g e s , Muhleisen found t h a t the ions 
produced by t h e r a d i o - a c t i v e probe ware c a r r i e d by the wind and co u l d a l t e r 
the p o t e n t i a l by up t o 30 per c e n t . 
CKOSIER(1953b) t h e r e f o r e a p p l i e d the b a s i s o f Brewer's c i r c u i t t o . 
the -iore s t r i n g e n t c o n d i t i o n s o f th.e passive probe. The passive probes, 
v/hose d e s c r i p t i o n f o l l o w s are based on those o f C r o s i e r , adapted f o r a 
B r i t i s h e l e c t r o m e t e r v a l v e . 
For the purposes o f d e s c r i p t i o n the i n s t r u m e n t can be d i v i d e d i n t o 
two s e c t i o n s , t h e f i e l d i n s t s l l a t i o n ( Fig. 9 ) and the sensing e l e c t r o n i c s 
( F i g . 1 0 ) . 
The f i e l d i n s t a l l a t i o n c o n s i s t s o f a s u i t a b l y i n s u l a t e d antenna, i n 
t h i s case a l o n g s t r e t c h e d w i r e , one end o f which i s mounted i n the 
head u n i t o f th e se n s i n g e l e c t r o n i c s . T h i s i s connected by a two-
conductor cable t o an a m p l i f i e r and power u n i t housed i n d o o r s . 
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For t h e o r e t i c a l c o n s i d e r a t i o n s , the antenna may be considered as a w e l l 
i n s u l a t e d t h i n w i r e o f c r o s s - s e c t i o n a cms. s t r e t c h e d p a r a l l e l t o the 
ground a t a h e i g h t h cms. Assuming f o r the mom.ent, t h a t no i n s t r u m e n t s 
are a t t a c h e d , t h a t the atmospheric c o n d u c t i v i t y i s constant and t h a t the 
p o t e n t i a l g r a d i e n t i s steady, then a f t e r 10 t o J-O minutes ( t h e atmospheric 
r e l e . x a t i o n t i m e ) the antenna w i l l have e f f e c t i v e l y l o s t any net charge 
t h a t i t may have had. I t s p o t e n t i a l i s than t h a t of the atr.;osphere a t 
a h e i g h t h cms. The antenna possesses equal induced charges, n e g a t i v e 
above and p o s i t i v e belov;. A c u r r e n t v . ' i l l f l o w c o n t i n u o u s l y from the 
antenna t h r o u g h the a i r t o the ground and an equal c u r r e n t f l o w s t o the 
antenna from above. For r e f e r e n c e , a plane P a t a h e i g h t h, s u f f i c i e n t 
t o be u n a f f e c t e d by the s m a l l d i s t o r t i o n o f the f i e l d near the antenna, 
w i l l be c o n s i d e r e d . ( F i g . 8 a . ) 
I t has been assumed t h a t the c o n d u c t i v i t y \ below P i s c o n s t a n t , 
which i m p l i e s an absence o f space charge. An e q u i v a l e n t r e s i s t a n c e and 
c a p a c i t a n c e network t h a t would r e p r e s e n t t h i s s i t u a t i o n (Fig.Sb.) would 
have the c o n d i t i o n . 
:„ = r C ^ £ /-. & p p O'a 
C,. kC 
^ P 
and r = k r _ , where £ i s p e r m i t t i v i t y o f the 
p Ij; O " 
atmosphere and k a c o n s t a n t determined by the dimensions. The a p p l i c a t i o n 
o f an a l t e r n a t i n g p o t e n t i a l v^ = exp Jwt t o the system a t P g i v e s a 
p o t e n t i a l v,^  a t a equal t o v ^ y ( k + 1 ) . Thus the performance o f the system 
i s such t h a t the p o t e n t i a l o f a i s a f i x e d f r a c t i o n o f the p o t e n t i a l a t P 
and i s i n phase w i t h t h a t p o t e n t i a l and the f r a c t i o n i s independent of 
frequency and c o n d u c t i v i t y . The p o t e n t i a l o f the f r e e atmosphere a t h i s 
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m a i n t a i n e d i n s t a n t a n e o u s l y a t a f r a c t i o n h/K o f t h a t p o t e n t i a l a t P as 
the c o n d u c t i v i t y i s assumed c o n s t a n t . Because t h e r e i s no frequency 
dependence, t h e n the p o t e n t i a l a i s a l s o t h a t o f the f r e e atmosphere a t h. 
I f the c o n d u c t i v i t y i s not u n i f o r m below P, then the c o n d i t i o n 
r^C„ = r G does not h o l d nor i s the p o t e n t i a l o f e i t h e r the antenna 
tj u p p " 
or the f r e e atmosphere i n s t a n t a n e o u s l y h e l d a t h/H o f the value a t P. 
Hov.-ever, the antenna p o t e n t i a l can be seen t o be m a i n t a i n e d a t a close 
a p p r o x i m a t i o n t o the p o t e n t i a l o f the f r e e atmosphere. C r o z i e r discusses 
t h i s n o n - u n i f o r m s i t u a t i o n assuming c o n d u c t i v i t y i s a f u n c t i o n of h e i g h t 
a l o n e . For a c y l i n d r i c a l v ; i r e , the d i s t o r t i o n o f the f i e l d i s g e o m e t r i c a l l y 
c o n f i n e d t o a space o f a p p r o x i m a t e l y 10 w i r e diameters i n depth and 
w i d t h . ( F i g . 8 a . ) 
For u n i f o r m c o n d u c t i v i t y , the c u r r e n t and f i e l d l i n e s converge on the 
w i r e from above and belov/ from a w i d t h o f two v.-ire d i a m e t e r s . C r o s i e r 
contends t h a t any probable c o n d u c t i v i t y g r a d i e n t i n the immediate v i c i n i t y 
o f the w i r e w i l l not a f f e c t t h i s a p p r e c i a b l y . Thus i f the ground and 
the plane P are more th a n s e v e r a l tens o f v/ire dia.meters from the antenna, 
the r e s i s t a n c e s r ^ and r.^ are c l o s e l y approximated by the r e s i s t a n c e o f 
a i r s l a b s tv/o v;ire d iameters t h i c k e x t e n d i n g v e r t i c a l l y from the w i r e t o 
the ground and from the v.'ire t o the plane P. 
I f , now, a s t e p change AV^ occurs i n the p o t e n t i a l a t ?, then i n i t i a l l y 
t h e r e w i l l bo a s t e p change AV i n the p o t e n t i a l o f the antenna and V. 
a n 
i n the p o t e n t i a l o f the a i r a t antenna h e i g h t such t h a t 
AV. ^ /V, = AV ~ — a h — p H 
AS t h e c o n d u c t i v i t y i s non-uniform, r,/r„ ( t h e r a t i o of columnar r e s i s t a n c e s ) 
n n 
w i l l d i f f e r from h/H and the a i r p o t e n t i a l w i l l r e l a x toward /\V, - /j]! —h 
h p r j ^ 
5'f 
v / i t h a t i m e c o n s t a n t determined by t h e c o n d u c t i v i t y d i s t r i b u t i o n . The 
antenna p o t e n t i a l w i l l a l s o r e l a x tov/ards a f i n a l v a l u e o f 
/\V =/\V r / ( r + r ^ ) , r^/(r„+r ) ^  r , / r . . , so t h a t the f i n a l v a l u e s of 
a. • P ^- *^P ^ ' ^ P — n n 
AV a.ndl\\f. w i l l be p r a c t i c a l l y the same and w i t h almost the same time a n 
c o n s t a n t , as, area f o r area, s i m i l a r charges must be moved t h r o u g h 
s i m i l a r , r e s i s t a n c e s i n the antenna c u r r e n t s l a b s as i n the .space w e l l to-
the s i d e . 
To develop a n u m e r i c a l example, a 1mm. w i r e 1m. from the ground would 
g i v e the plane P, 10 x 1cm. above the w i r e and t h e i n i t i a l s t e p changes 
andAV^ about 99 .per cent o f t h e s t e p changeAV^. The l e n g t h o f the 
w i r e i s a r b i t r a r y , though i f l o n g enough, the magnitude o f r ^ ean be 
decreased t o a p o i n t v/here antenna i n s u l a t i o n can be a t t e m p t e d . T h i s 
i n c r e a s e s C^, making p o s s i b l e the t o l e r a n c e o f a very s m a l l capacitance 
i n t h e s e n s i n g u n i t . (As p r e v i o u s l y noted, i n s u l a + i o n and capacitance 
problems had p r e v i o u s l y l i m i t e d the use o f the passive probe.) 
T a k i n g the l e n g t h o f the w i r e as 20m. and assuming the ends are 
o —12 —1 \ —lA- —1 
guarded, £^ = 8.85 x 10~ f a r a d m and a value o f A = 5 x 10~ mho m" , 
14 
t h e n on t h e above model r^, = 5 10 ohms and C^  = 0 .35 p f . I n a 
1 *' 
p o t e n t i a l g r a d i e n t o f 100 v o l t s per m.etre, a c u r r e n t of 2 x 10~ amp. 
f l o w s t o t h i s antenna from above, and from t h i s antenna t o the ground, 
t h r o u g h t h e a i r . To measure t h i s c u r r e n t t o an accuracy o f 1 per c e n t , 
t h e c u r r e n t drawn by t h e sen s i n g u n i t and across t h e i n s u l a t o r s must be 
-15 
no more t h a n 2 x 10 am^j. and t h e i n p u t c a p a c i t a n c e t o t h e sensing 
u n i t around O..OO3 p f . The appar a t u s a t t e m p t s t o .meet these r i g o r o u s 
r e q u i r e m e n t s by t h e use o f feedback t e c h n i q u e s and h i g h q u a l i t y i n s u l a t i o n . 
The system used a t Durham c o n s i s t e d o f antenna o f 20 metre 202WG t i n n e d 55 
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F i g . 10, Passive Probe C i r c u i t Diagrams 
copper w i r e suspended from wooden po s t s by means o f - a 2m. guard v;i r e . 
The s e n s i n g u n i t of the antenna was mounted on an aluminium boom o f 
a p p r o x i m a t e l y the same l e n g t h as the antenna h e i g h t above ground. The 
i n s u l a t i o n o f the antenna and guard w i r e s was P.T.F.E. The head u n i t 
boom was su p p o r t e d by i n s u l a t o r s o f perspex. Since the sensing u n i t and 
boom were m a i n t a i n e d a t a p o t e n t i a l c l o s e t o the antenna p o t e n t i a l by the 
feedback, t h e end e f f e c t was s m a l l and the f i e l d d i s t o r t i o n i n t r o d u c e d by 
the wooden p o s t s v/as l a r g e l y n e u t r a l i s e d . 
The s e n s i n g e l e c t r o n i c s i s r e p r e s e n t e d i n fig.10. One end o f the 
antenna l e d t h r o u g h the P.T.F.E. bushing t o the c o n t r o l g r i d o f a 
i i u l l a r d MEl403 e l e c t r o m e t e r v a l v e v/hich v;as housed w i t h the v a r i o u s b i a s s i n g 
b a t t e r i e s i n the head u n i t . 
A two-conductor cable took the o u t p u t s i g n a l p l u s the b i a s o f the 
e l e c t r o m e t e r v a l v e and a p p l i e d i t between' the c o n t r o l g r i d and the cathode 
o f the 6SJ7 cathode. The f l o a t i n g 6SJ7 c i r c u i t t o g e t h e r w i t h the f i x e d 
285V. s u p p l y , generated a feedback p o t e n t i a l a t the 6SJ7 cathode. T h i s 
feedback p o t e n t i a l was a p p l i e d t o the whole e l e c t r o m e t e r valve c i r c u i t , 
the head u n i t case and guard w i r e s t h r o u g h the two-conductor c a b l e . The 
c i r c u i t was economical when s e v e r a l probes were i n o p e r a t i o n as the 285v. 
supply c o u l d be common t o a l l and no separate f l o a t i n g screen v o l t a g e 
s u p p l i e s were r e q u i r e d , 
Si.nce t h e head u n i t case and boom a c t e d as a guard, i t s h o u l d be near 
the p o t e n t i a l o f the antenna, I n fig.10. i t i s a t t a c h e d 3v. below the 
n e g a t i v e f i l a m e n t t e r m i n a l r e s u l t i n g i n i t s b e i n g m a i n t a i n e d a t about 
-0.9v. w i t h r e s p e c t t o the antenna. The i n s u l a t o r leakage would then be 
i n t h e c o r r e c t d i r e c t i o n t o tend t o n e u t r a l i s e the n e g a t i v e g r i d c u r r e n t 
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P l a t e 3 liive Probo F i e l d I n s t a l l a t i o n 
P l a t e 6 The Passive Probe Head U n i t 
P l a t e 7a The Passive Probe A n c i l l a r y E l e c t r o n i c s 
P l a t e 7b The Passive Probe A n c i l l a r y E l e c t r o n i c s 
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whi c h a t 3.0 x 10 amp. i s j u s t above the 1 per cent l i m i t a c c e p t a b l e 
f o r a 1m. h i g h 20m. antenna. The v o l t a g e g a i n o f the arrangement was 
s u f f i c i e n t t o reduce the i n p u t capacitance of the ME1403 g r i d from 0.2 p f . 
t o l e s s t h a n 0.003 p f . 
The p o t e n t i a l between p o i n t B and the ground f o l l o w s the p o t e n t i a l o f 
the antenna a t A w i t h a s m a l l e f f e c t and any s u i t a b l e v o l t a g e measuring . 
u n i t drawing l e s s t h a n 0.5 mA. can be connected a t B. O v e r a l l c a l i b r a t i o n 
o f the c i r c u i t c o u l d be o b t a i n e d s i m p l y by a p p l y i n g known v o l t a g e s between 
the antenna w i r e and the ground. The expected range f o r the i n s t r u m e n t 
was from -lOOv. t o 250v. i n f i n e weather. The i n s t r u m e n t was not usable 
d u r i n g r a i n , as the m o i s t u r e lowered the i n s u l a t i o n - a n d r a i n d r o p s h i t t i n g 
the antenna d e p o s i t e d charges or caused charges by s p l a s h i n g . The head 
u n i t e.nd booms v;ero p r o t e c t e d by t a i l o r e d p o l y t h e n e covers d u r i n g v/et 
v/eather. 
The o r i g i n a l i n t e n t i o n was "to e f f e c t a m o d i f i c a t i o n t o the head u n i t 
so t h a t o n l y t h e e l e c t r o m e t e r v a l v e was housed i n i t , b i a s v o l t a g e s be.ing 
s u p p l i e d t o i t by wea t h e r p r o o f c a b l e s . A s i m i l a r m o d i f i c a t i o n was made 
by SPANGLER (-19o2) who sealed the e l e c t r o m e t e r valve- i n an epoxy assembly 
v / i t h a needle type antenna f o r t h e measurement ox b i o l o g i c a l p o t e n t i a l s 
where space was a t a premium. The advantage f o r outdoor use i s not so 
much space as a weight r e d u c t i o n which would a l l o w a l i g h t e r , more compact 
boom and reduce t e n s i o n on the i n s u l a t o r s . F i g . 1 1 . shows the l a y o u t o f 
the d e s i g n . The ca s i n g was o f brass tube, i n the lower end o f which was 
f i x e d a BTG v a l v e base w i t h a P.T.F.E. i n s e r t . The e l e c t r o d e s o f the 
i--i'E1-'-f03,' except the c o n t r o l g r i d , v/era s o l d e r e d t o t h i s . The s o l d e r e d 
j o i n t s must be f u r t h e r than 1^25cms. from the g l a s s sheath o f the va l v e 
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R-7<5 V/ILVC lifcSE. 
F i g . 1 1 . E x p e r i m e n t a l Valve Housing a f t e r Spangler 
t o p r e v e n t damage t o the v a l v e . 'The c o n t r o l g r i d e l e c t r o d e was sheathed 
v / i t h PVC and l e d c l e a r o f the v a l v e and v/ a l l t o a Flessey c o a x i a l p l u g 
w i t h a P.T.F.E. i n s e r t a t the o t h e r end of the t u b e . The mating end of 
the Plessey p l u g v;as a t t a c h e d t o the antenna w i r e . The h.ead u n i t v/as 
f i x e d t o the boorn by a curved ' c l i p ' o f brass and was connected t o the 
r e s t o f the s e n s i n g u n i t by a s i x core c a b l e . 
Spangler surrounded h i s v a l v e w i t h an i n e r t atmosphere of n i t r o g e n 
s e a l e d i n w i t h epoxy r e s i n . The ^F,^^03 u n i t was f i r s t t r i e d as d e s c r i b e d 
v / i t h an a i r atmosphere and then c o m p l e t e l y encapsulated v;i t h A r a l d i t e epoxy 
r e s i n , but the d i f f i c u l t y w i t h t h i s head u n i t i n outdoor c o n d i t i o n s proved 
t o be the c o l l e c t i o n o f d i r t and m o i s t u r e across the i n s u l a t i o n o f the B7G 
v a l v e base. Great caro m.ust a l s o be taken i n h a n d l i n g the v a l v e s them-
s e l v e s or i n s u l a t i o n breakdown occurs across the g l a s s sheath between e l e c -
t r o d e s . Once contaminated, they are v e r y d i f f i c u l t t o clean s u c c e s s f u l l y . 
One f u r t h e r disadvantage w i t h the r e s i n sealed v a l v e i s t h a t once sealed, 
i t cannot be i n s p e c t e d . The HE1'T05 g r i d c u r r e n t , measured over h i g h 
r e s i s t a n c e s by a P h i l i p s GM6020 e l e c t r o m e t e r , was found t o bo h i g h e r than 
t h e s t a t e d c h a r a c t e r i s t i c s . I t was t h e r e f o r e decided t o make a l a r g e r 
head u n i t , more amenable t o e x p e r i m e n t a t i o n and c o n t a i n i n g i t s own b i a s 
v o l t a g e s . From t l i i s , the f i n a l head u n i t ( P l a t e iJ. ) was developed. The 
e l e c t r o m e t e r v a l v e must be kept i n darkness t o minimise the p h o t o e l e c t r i c 
i n c r e a s e i n g r i d c u r r e n t on exposure t o l i g h t . 
F i g . 12. shows a c a l i b r a t i o n curve o b t a i n e d f o r t h i s probe by a p p l y i n g 
knov/n v o l t a g e s between the antenna and the ground. The curve suggests a 
l i n e a r response f o r an antenna a t 1 metre over a range of 300 v o l t s / m e t r e 
p o s i t i v e t o I 5 0 v o l t s / m e t r e n e g a t i v e . I t w i l l be n o t i c e d t h a t the curve 
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does not go t h r o u g h the o r i g i n but g i v e s a zero f i e l d o u t p u t of 8;t{anips. 
I t v/as th o u g h t p o s s i b l e t h a t t h i s v;as due t o c o n t a c t p o t e n t i a l s , thoo.gh 
c o n t a c t p o t e n t i a l s i n t h i s i n s t r u m e n t do not have p r o p o r t i o n a l l y the same 
e f f e c t on the measured f i e l d as do the i n t e r n a l c o n t a c t p o t e n t i a l s o f a 
f i e l d m i l l . . 
T y p i c a l comparisons are shown i n f i g u r e s I3 and 1 A- . Fig.13. shov.'s a-
steady f i n e v/eather a f t e r n o o n w i t h l i t t l e c l o u d . I t v/ould be expected 
t h a t the i n s t a n t a n e o u s v a r i a t i o n s o f the passive probe v/ould be l e s s 
v i o l e n t t h a n t h a t o f the a g r i m e t e r as the l a t t e r g i v e s p o i n t measurements 
r a t h e r t h a n t h e probes averaged v a l u e s . 
F i g . l ' r . i n d i c a t e s c h a r g i n g 01 the antenna as c o n d i t i o n s 01 very l i g h t 
r a i n developed. The l a r g e p o s i t i v e peak o c c u r r e d as a b i g cumulus clo u d 
came overhead. The o u t p u t from b o t h probe and a g r i m e t e r went n e g a t i v e 
as the r a i n s t a r t e d , b ut the probe d r i f t e d r a p i d l y more n e g a t i v e and o n l y 
r e t u r n e d toward a r e a d i n g comparable w i t h the a g r i m e t e r as the r a i n 
ceased. I t must be emphasised t h a t l i g h t r a i n caused these r e s u l t s . 
Under moderate and heavy r a i n , m o i s t u r e c o l l e c t e d on the i n s u l a t o r s and 
the h i g h r e s i s t a n c e necessary f o r o p e r a t i o n v/as broken down. Trouble v/as 
a l s o e x p e r i e n c e d v ; i t h s p i d e r s ' webs, v/ind~blov/n seeds and a i r - p o l l u t i o n . ; 
I t v/as found a d v i s a b l e t o g i v e the i n s u l a t o r s a d a i l y r o u t i n e c l e a n and 
t o check a g a i n b e f o r e use. 
C r o z i e r ' s antenna - a s t r a i g h t two-ended system - a p p a r e n t l y gave a 
f a i r l y s a t i s f a c t o r y performance v / i t h no guard s e c t i o n and f u l l antenna 
p o t e n t i a l a c r o s s the i n s u l a t o r s . 
Keeping t h e antennae l e v e l a t t h e i r r e s p e c t i v e h e i g h t s was another 
r o u t i n e a d j u s t m e n t , as t h e w i r e s t r e t c h e d under t e n s i o n and i t s l e n g t h 
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v a r i e d w i t h t e m p e r a t u r e . O c c a s i o n a l l y i t was s e v e r e l y s t r a i n e d by s t r o n g 
winds or c o l l i s i o n w i t h dogs and s i m i l a r animals. B i r d s d i d not perch 
on the antennae but were c o n t e n t t o s i t on the support posts and 
c o n t r i b u t e c o n s i d e r a b l y t o the i n s u l a t o r c l e a n i n g problem. A u s e f u l 
m o d i f i c a t i o n would be t o have the guard w i r e insulators.made from s e v e r a l 
metres o f n y l o n a t t a c h e d t o a device s i m i l a r t o a fisherman's r e e l , 
i n s u l a t e d from bu-t mounted on the suppor t p o s t s . - Th i s would s i m p l i f y 
a d j u s t m e n t problems c o n s i d e r a b l y . 
D e s p i t e t h e p r a c t i c a l d i f f i c u l t i e s o f m a i n t a i n i n g the antenna system, 
i t i s c o n s i d e r e d t h a t the reasons f o r the u n s a t i s f a c t o r y performance o f 
the passive probes a t the o b s e r v a t o r y s i t e were p r i m a r i l y connected w i t h 
the c o n d i t i o n s i n which the e l e c t r o m e t e r v a l v e was expected t o work. The 
g r i d c u r r e n t i s r e q u i r e d t o be very low and t h i s e s s e n t i a l l y means low 
leaka g e . DAGPUNAR(1968) quotes experiments i n which a MEl402 v a l v e 
- 1 5 
o p e r a t i n g a t r a t e d v a l u e s , had a n e g a t i v e g r i d c u r r e n t of 1 .3 x 10 amp. 
- 1 3 
i n a l i g h t - t i g h t box which rose t o 3 x 10 'amp. when exposed t o dust and 
humid a i r . I t v/as a l s o noted t h a t a 77" diameter hole i n a box c o n t a i n i n g 
- 1 2 
t h e v a l v e i n some i n s t a n c e s gave a p h o t o e l e c t r i c c u r r e n t of 10 amp. 
Attemp t s t o c o n t r o l the h u m i d i t y w i t h i n the sensing u n i t were made w i t h 
the i n s t a l l a t i o n o f d e s i c c a t o r u n i t s . 
E l e c t r o m e t e r v a l v e s are a l s o s e n s i t i v e t o v i b r a t i o n and mechanical 
shock v/hich may r e s u l t i n a change i n va l v e geometry and corr e s p o n d i n g 
changes i n t h e va l v e c h a r a c t e r i s t i c s . 
However, i f the de s i g n of the sensing u n i t can be developed t o i s o l a t e 
c o m p l e t e l y t h e v a l v e f r o m t h e u n c e r t a i n t y of i t s environment, t h e r e i s no 
doubt t h a t t h e i n s t r u m e n t i s a v a l u a b l e a d d i t i o n t o the range o f f i e l d 
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measuring d e v i c e s . I t s development and t h e ac c u m u l a t i o n and i n t e r p r e t a t i o n 
o f p o t e n t i a l g r a d i e n t measurements by t h i s method are worthy o f separate 
s t u d y . Aspects t h a t would be o f p a r t i c u l a r i n t e r e s t would i n c l u d e the 
d e t e r m i n a t i o n o f exposure f a c t o r s o f o t h e r f i e l d measuring i n s t r u m e n t s , 
the v a r i a t i o n o f p o t e n t i a l g r a d i e n t w i t h wind speed close t o the ground 
b o t h l a t e r a l l y i n t r a c k i n g the course o f charged dust clouds across a t e s t 
s i t e , or v e r t i c a l l y i n the measurement o f d e p a r t u r e s from p o t e n t i a l 
l i n e a r i t y such as those d u r i n g c o n d i t i o n s o f a s t r o n g e l e c t r o d e e f f e c t . 
C o r r e l a t i o n w i t h space charge measurements v/ould not be easy because the 
l a t t e r are e s s e n t i a l l y measured a t a s i n g l e p o i n t . 
Compensating f o r t h e displacement c u r r e n t i s perhaps the most 
d i f f i c u l t p a r t o f the d i r e c t method o f a i r - e a r t h c u r r e n t measurement, i f 
the r e s o l v i n g time o f the apparatus i s t o be f a s t enough t o g i v e r e c o r d s 
d i s t i n g u i s h i n g l o c a l e f f e c t s from, v/orld-v/lde e f f e c t s . 
Mention has a l r e a d y been made o f the e a r l y v/ork, v/here the measured 
c u r r e n t was i n t e g r a t e d w i t h time and the displacement c u r r e n t e f f e c t i v e l y 
n e g l e c t e d , and o f the designs o f SCRA3E(1953), GOTO(1957) and KASEMIIU 195.5) 
v/hose speeds o f response were l i m i t e d by the response of a r a d i o - a c t i v e 
c o l l e c t o r , o f a waterdropper and the r e l a x a t i o n time o f the atmosphere. 
ADAHS0N(1960) developed a system v/hich gave a much f a s t e r response 
time o f the o r d e r of 20 seconds, a l t h o u g h t h i s i s s t i l l some v/ay- from the 
d e s i r e d 1 second response. An average change i n p o t e n t i a l g r a d i e n t o f 
IV/m i n 1 sec. a t a p o t e n t i a l g r a d i e n t o f lOOV/m w i l l g i v e a displacement 
— 12 2 
c u r r e n t o f 8.8 x 10 A/m , v/hen the c o n d u c t i o n c u r r e n t may on l y be 
-12 2 
2 x 1 0 A/m . Adarnson used a f i e l d m i l l designed w i t h o v e r a l l n e g a t i v e 
feedback so t h a t the r e l a t i o n betv/een t h e f i e l d and the o u t p u t 61 
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The p o t e n t i a l a t A must be sero v o l t s i f the whole o f the bound 
charge i s t o be zer o . I f the net change i s t o be z-ero, X must 
be 2V - 2dy f o r an i n c r e m e n t a l change dV i n p o t e n t i a l and would 
t h u s i n v o l v e a d i f f e r e n c e meter o f some k i n d . 
F i g . 1 5 . Compensation System 
was c l o s e l y l i n e a r . The o u t p u t o f the m i l l v/as then d i f f e r e n t i a t e d and 
f e d i n t o one h a l f o f a double e l e c t r o m e t e r v a l v e . To the o t h e r h a l f o f 
the v a l v e , ,v/ould be f e d , f o r f i n e v/eather work, the c u r r e n t from an 
u n s h i e l d e d c u r r e n t c o l l e c t o r . The d i f f e r e n t i a t e d s i g n a l from the m i l l 
i s p r o p o r t i o n a l t o the displacement c u r r e n t and so bo t h halves of the 
v a l v e r e c e i v e the displacement c u r r e n t s i g n a l and the f i n a l response 
a m p l i f i e d by t h e d.c. a m p l i f i e r i s due o n l y t o the co n d u c t i o n c u r r e n t . 
CHALMERS(1963) suggested the p o s s i b i l i t y o f compensating f o r the 
displacement c u r r e n t by u s i n g a r a p i d l y responding f i e l d machine t o 
measure t h e p o t e n t i a l a t the h e i g h t of the c u r r e n t c o l l e c t o r . The o u t p u t 
would t h e n be used t o a p p l y a v o l t a g e t o the p l a t e t o keep i t a t the 
p o t e n t i a l o f i t s s u r r o u n d i n g s and a l s o t o ap p l y a v o l t a g e e q u i v a l e n t t o . 
tv/ice t h a t p o t e n t i a l t o a condenser t h a t i s connected t o the c o l l e c t o r and 
t h a t has t h e same value as the sum o f the s t r a y and cable c a p a c i t a n c e s . 
The s u g g e s t i o n i s t h a t i f the response time o f the compensating system 
i s s u f f i c i e n t l y r a p i d , t h e n t h e change i n bound charge on t h e c o l l e c t o r 
p l a t e v / i l l always be balanced and the net change i n bound charge w i l l 
be z e r o . T h i s d i f f e r s from e a r l i e r methods i n t h a t the displacement 
c u r r e n t i s e l i m i n a t e d from t h e c o l l e c t o r i t s e l f . A p p l i e d t o t h e 
c o l l e c t o T system suggested by CH/\L!4SRS ( 1 9 6 2), the syscem would appear 
s i m i l a r t o fig.15 . The d i f f i c u l t y may be i n the p r o d u c t i o n and 
a p p l i c a t i o n o f t h e doubled v o l t a g e and i n t h e speed o f t h e i n s t a n t a n e o u s 
matching of t h e system. HUTCHINSON(1966) d e s c r i b e d the p a r t i a l success 
o f a s i m i l a r system w i t h the c u r r e n t c o l l e c t o r a t ground l e v e l . He 
was a b l e t o shov/ t h a t the^ compensation c o u l d be e f f e c t i v e and 
i n s t a n t a n e o u s , a l t h o u g h he v/as t r o u b l e d by zero f l u c t u a t i o n s o f the f i e l d 
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m i l l system which l i m i t e d the s e n s i t i v i t y . I n ord e r t o reduce the noise 
l e v e l o f the system, he suggested the use o f a f i e l d - d i f f e r e n c e meter 
v/hich v/ould respond i m m e d i a t e l y to' the d e p a r t u r e of the f i e l d from a 
convenient average value which v/as i t s e l f b e i n g a d j u s t e d c o n s t a n t l y as 
the p o t e n t i a l g r a d i e n t a l t e r e d . 
The displacement c u r r e n t can be reduced i f the c u r r e n t c o l l e c t o r i s 
surrounded by a r a i s e d s h i e l d . I f the c o l l e c t o r i s a t ground l e v e l t h i s 
can be e a r t h e d . I f the c o l l e c t o r i s r a i s e d above the l e v e l of the ground, 
then the s h i e l d can e i t h e r be r a i s e d r e l a t i v e t o th.e c o l l e c t o r and 
m a i n t a i n e d a t the p o t e n t i a l o f the c o l l e c t o r or kept i n the plane of the 
c o l l e c t o r a t a p o t e n t i a l s l i g h t l y l e s s then t h a t o f the c o l l e c t o r . The 
choice v/ould depend on the mechanics of the c o l l e c t o r system. The o b j e c t 
o f the s h i e l d i s t o d i v e r t a p o r t i o n o f the displacement c u r r e n t from the 
c o l l e c t o r by a l t e r i n g the d i s p o s i t o n o f the l i n e s o f f o r c e . u n f o r t u n a t e l y , 
as the i o n s w i l l a l s o f o l l o w the l i n e s o f f o r c e , some p o r t i o n of the 
c o n d u c t i o n c u r r e n t w i l l a l s o be d i v e r t e d . I n f i n e weather work, the . 
s h i e l d e d r e c e i v e r w i l l not s u f f e r from the cha.rging by c o l l i s i o n t h a t 
occurs when r a i n d r o p s impact upon i t but i t may i n t e r f e r e w i t h the 
i d e n t i f i c a t i o n o f the e f f e c t s o f l o c a l space charge pockets t h a t may move 
i n the atmosphere w i t h a h o r i z o n t a l v e l o c i t y component. I f continuous 
r e c o r d i n g i s t o be undertaken, i t i s f e a s i b l e t o t r a n s l a t e data d i r e c t 
t o a d i g i t a l form f o r r a p i d access t o a computing system. T h i s has 
a l r e a d y been achieved a t Durham w i t h r e c o r d s from a mobile i n s t r u m e n t 
van. I t v/ould be p o s s i b l e t o improve on the o r i g i n a l system o f 
i n t e g r a t i n g t h e c u r r e n t v / i t h time and thus n e g l e c t i n g t h e displacement 
c u r r e n t by computing t h e compensation r e q u i r e d a t any i n s t a n t from a 
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c o n t i n u o u s r e c o r d o f p o t e n t i a l g r a d i e n t and a d j u s t i n g the c u r r e n t r e c o r d s 
a c c o r d i n g l y . 
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CHAPTER VALUES FOH THE AIR-EARTH CUPPENT 
^ . 1 . Comparison of P u b l i s h e d Values f o r the A i r - E a r t h C u r r e n t . 
E a r l y measurements o f the a i r - e a r t h c u r r e n t by the d i r e c c and i n d i r e c t 
methods near the ground seemed t o i n d i c a t e t h a t the i n d i r e c t r e s u l t v/as • 
t w i c e the r e s u l t g i v e n by the d i r e c t method which v/as expected i f the 
c o n d u c t i v i t i e s o f each s i g n v/ere consta n t w i t h h e i g h t and d i d not vary 
and i f c o n v e c t i o n c u r r e n t s v/ere p r e s e n t . 
V/ILSON ( 1 9 0 6 ) had h i s appa.ratus s e t i n a s i t e on a h i l l (Hamildon H i l l , 
near Peebles) r e a s o n a b l y c l e a r o f o b s t r u c t i o n s a f f e c t i n g the f i e l d and 
measured a t v a r i o u s h e i g h t s w i t h o u t a t t e m p t i n g t o determ.ine any r e l a t i o n -
s h i p betv/een t h e h e i g h t s . 
3 I M P S 0 N ( 1 9 1 0 ) o b t a i n e d v a l u e s , when c o r r e c t e d f o r displacement 
- 1 2 2 
c u r r e n t , o f the order o f 3 . ^ x 10 A/m"" though h i s s i t e , a t e n n i s c o u r t 
r i n g e d by s t o p n e t s , t r e e s and mountains, -v/as not e n t i r e l y s u i t a b l e . 
V/ATS0N (1929) used a V/ilson apparatus a t Kew.and compared the r e s u l t s 
o b t a i n e d t h e r e f o r the d i r e c t method w i t h r e s u l t s o b t a i n e d a t v a r i o u s 
c o n t i n e n t a l s t a t i o n s by the i n d i r e c t method. 
Kew 0 . 7 9 X 10~'^ '^ amp/m'' 
1 
G o t t i n g e n 2 . ? x 10"'''^arap/m^ 0 , 9 8 1.3 x 10~'^^amp/m^ 
Potsdam 2 . 3 7 x 10"''~amp/m'^ 1 . l 6 1 .27 x 10"^^amp/m^ 
Davos 1 . 71 X lO'^'^amp/m^ 1 .13 0 . 9 1 x 10~''^amp/m^ 
The simple e l e c t r o d e e f f e c t p o s t u l a t e d by VON SCHV/EIDLER(1908) and o t h e r s , 
v/as not found by V/atson f o r Kew, as the v a r i a t i o n between the p o t e n t i a l 
g r a d i e n t v / i t h h e i g h t i n t h e f i r s t few metres v/as s m a l l and so he concluded 
t h a t t h e r e must be t u r b u l e n c e c a r r y i n g a p o s i t i v e c o n d u c t i o n c u r r e n t 
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o f a magnitude' e q u i v a l e n t .to ^^^-^ '^W^^'^s, a g a i n s t the f i e l d . 
V/HIFPLE ( 1 9 3 2 ) suggested t h a t a process of eddy d i f f u s i o n c o u l d c a r r y 
p o s i t i v e charge upv/ards. The magnitude o f eddy d i f f u s i o n which i s 
g r e a t e r t h a n t h a t o f o r d i n a r y d i f f u s i o n depends on the m e t e o r o l o g i c a l 
c o n d i t i o n s , , e s p e c i a l l y the temperature g r a d i e n t , and w i l l vary w i t h time 
and p l a c e . Eddy d i f f u s i o n cannot produce any v e r t i c a l e l e c t r i c a l c u r r e n t 
u n l e s s t h e r e i s a v a r i a t i o n o f space charge d e n s i t y w i t h h e i g h t . Space 
charge depends on dF/dx and thus the e l e c t r i c c u r r e n t of eddy d i f f u s i o n 
i s p r o p o r t i o n a l t o d^F/dx". The c r i t i c i s m was t h e r e f o r e made t h a t , as 
the v e r t i c a l v e l o c i t y o f eddy d i f f u s i o n v/as s m a l l , a f a i r l y l a r g e p o s i t i v e 
space charge v/ould be needed and t h i s would produce a chan.ge of p o t e n t i a l 
g r a d i e n t w i t h h e i g h t , g r e a t e r than t h a t a c t u a l l y found. LETTAU(l9^i-1) 
extended t h e t h e o r y f o r eddy d i f f u s i o n v a r y i n g w i t h h e i g h t but t h e 
c r i t i c i s m remains. 
NOLAN and N0L/iN(1937) operated b o t h d i r e c t and i n d i r e c t .methods 
s i m u l t a n e o u s l y a t Glencree; d i r e c t l y by u s i n g w'ilson's method and 
i n d i r e c t l y by c o u n t i n g p o s i t i v e and n e g a t i v e i o n s and e s t i m a t i n g t h e i r 
m o b i l i t y . They found t h a t the c o n d u c t i v i t y v/as the same t o w i t h i n 10 per 
cent by b o t h methods. Considered v / i t h a f i e l d t h a t v/as found t o be 
p r a c t i c a l l y c o n s t a n t over the f i r s t metre, t h i s r e s u l t suggests t h a t 
(X^i+X^) a t I r a . i s equal t o X ^ ^ a t the ground and thus must vary 
r a p i d l y w i t h h e i g h t . NOLAN(19^0) repeated these measurements w i t h 
s i m i l a r r e s u l t s , f i n d i n g t h a t the c o n d u c t i v i t y by the a s p i r a t i o n method 
exceeded t h a t by the V/ilson c o l l e c t o r by only 12. per c e n t . The Glencree 
s i t e was r e a s o n a b l y f r e e " from p o l l u t i o n , a l t h o u g h t h e r e was a marked 
i n c r e a s e i n the l a r g e i o n c o n c e n t r a t i o n when the wind v/as from D u b l i n 
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(NOLAN and NOLAN,' 1 9 3 1 ) . Tbe s i t e was bordered on two si d e s by b u i l d i n g s 
and on the t h i r d by a h i l l s i d e b u t , by a p p l y i n g an exposure f a c t o r , he 
- 1 2 2 
o b t a i n e d a v a l u e of 2 . 7 x 10 amps/m by the V.'ilson method, a g a i n s t 
- 1 2 2 
Watson's value o f 1 x 10 amps/m and the c o n t i n e n t average of 
a p p r o x i m a t e l y 2 x 10 ~amps/m~. He suggested t h a t the a i r - e a r t h c u r r e n t 
a t Kew was a b n o r m a l l y low a l t h o u g h he p o s t u l a t e d t h e 12 per cent d i f f e r e n c e 
as a c o n v e c t i o n c u r r e n t . 
HOGG(1939) making simultaneous measurements from the underground 
l a b o r a t o r y a t Kew, found t h a t the Wil s o n apparatus a t ground l e v e l gave 
a value f o r t h e c o n d u c t i v i t y almost equal t o the p o s i t i v e c o n d u c t i v i t y 
measured by a Gerdien apparatus a t ground l e v e l . T h is a l s o a p p l i e d t o the 
n e g a t i v e c o n d u c t i v i t y i f the Wilson i n s t r u m e n t was exposed t o n a t u r a l 
r e v e r s e f i e l d s . He c o n f i r m e d the v i r t u a l absence of v a r i a t i o n i n 
p o t e n t i a l g r a d i e n t a t t h i s s i t e r e p o r t e d by V/ATSOlKl929) and aga i n by 
3CRASS ( 1 9 3 5 )• He a l s o found t h a t decreased w i t h h e i g h t , the decrease 
b e i n g most r a p i d i n the f i r s t 1 2 . 5 c m s . and being around one h a l f i t s 
v a l u e a t 1m. and h i g h e r . X i n c r e a s e d from zero a t the s u r f a c e t o about 
equal t o a t 1m. and consequently the t o t a l c o n d u c t i v i t y remained very 
n e a r l y c o n s t a n t over the whole range o f h e i g h t c o n s i d e r e d . He a l s o found 
t h a t near t o the ground t h e r e was a s m a l l p o s i t i v e space charge o f about 
1,000e/cm'^ and t h a t t h e - r a t e o f i o n i s a t i o n v/as l e s s a t l O O c m S o than i t 
was a t ground l e v e l . Some o f the o b s e r v a t i o n s a t the v a r i o u s h e i g h t s v/ere 
performed i n d i f f e r e n t seasons of the year and some of the apparatus was 
changed d u r i n g t h e o b s e r v a t i o n p e r i o d . A l t h o u g h ..corrections were made t o 
make t h e o b s e r v a t i o n s comparable', i t i s a p i t y t h a t w i t h the advantages 
o f t h e underground l a b o r a t o r y , the equipment was not made a l i t t l e more 
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f l e x i b l e . 
LUTZ ( 1 9 3 9 ) compared measurements made a t Munich . i n 193b by the 
i n d i r e c t m.ethod v / i t h measurements made by the d i r e c t method i n I 9 0 9 . He 
found v a l u e s t h a t gave a r a t i o o f 2 : 1 v/hich supported the d i f f u s i o n ' t h e o r y . 
Hov/ever, h i s m^easured space charges appeared too s m a l l t o g i v e a s u f f i c i e n t 
c o n v e c t i o n c u r r e n t and CHALMERS(1957) suggested t h a t the d i f f e r e n c e might 
be due t o changing c o n d i t i o n s between I 909 and 193D. CHAL^iE?.3(19^^6) 
t o o k Hogg's r e s u l t t h a t - sX^ and showed t h a t w i t h the assumption 
o f a r a t e o f i o n i s a t i o n a t ground l e v e l f i v e t i m e s t h a t a t 1m. , i t v/as 
p o s s i b l e t o get a v a r i a t i o n of c o n d u c t i v i t y l i k e Hogg's and a p o t e n t i a l 
g r a d i e n t t h a t was reaso n a b l y c o n s t a n t under c o n d i t i o n s o f a q u a s i s t a t i c 
s t a t e f o r l a r g e and s m a l l i o n s of bo t h s i g n s and s m a l l space charge. He 
suggested t h a t t h i s i n c r e a s e i n i o n i s a t i o n near the s u r f a c e v/as.due t o 
and(p- r a d i a t i o n from r a d i o - a c t i v e substances i n t h e t o p l a y e r of the 
e a r t h . HESS and 0' DON'NELL(1951) made measurements which showed a 
v a r i a t i o n i n i o n i s a t i o n d i d i n f a c t occur. PIERCE(1958) showed the 
a c t u a l v a r i a t i o n w i t h h e i g h t was not f a r d i f f e r e n t from t h a t suggested by 
Chalmers i n t h a t he found 60 i o n p a i r s / c c . / s e c . a t 1 c m . above ground and 
on l y 8 i o n p a i r s / c c . / s e c . a t 1m. He p o i n t e d out t h a t r a d i o - a c t i v e 
f a l l - o u t v/as l i k e l y t o i n c r e a s e the e f f e c t o f Q i - r a d i a t i o n v / i t h t i m e . 
T h i s was f u r t h e r s u pported 'by the d i s c o v e r y o f p r i m i t i v e e l e c t r o d e e f f e c t s 
i n areas v/here the ground r a d i a t i o n would be s h i e l d e d from the atmosphere, 
namely the Greenland i c e eap(PLUVINAGE and STAHL, 1 9 5 3 , and RUHNKE,1962) 
and the s u r f a c e o f a lake.(HUHLEISBN,1 9 6 I). 0'D0NNELL(1952) measuring 
c o n d u c t i v i t y , f a i l e d t o get the changes o f c o n d u c t i v i t y w i t h h e i g h t t h a t 
Hogg faund, nor d i d he f i n d the t o t a l c o n d u c t i v i t y a t a h e i g h t o f 1m. 
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equalled the p o s i t i v e c o n d u c t i v i t y at the earth's surface. CHALMERS(1953a) 
pointed out that O'Donnell expressly set UJD h i s apparatus alv/ays under the 
branches of large trees as p r o t e c t i o n from the f i e l d of the earth and 
that t h i s i s a d i f f e r e n t experimental condition from measurement i n the 
open. I f the p r o t e c t i o n from the f i e l d given by the trees i s complete, 
then Fg, F and i become zero and i f the properties of the p o s i t i v e and 
negative ions were not d i f f e r e n t , then the r a t i o X, /X would be e x T D e c t e d 
• !S 2g 
to be equal t o one. ' ^ - j j ^ / ^ l would also tend to u n i t y w i t h increasing 
turbulence as O'Donnell found. 
ISPAEL(195^) c o l l e c t e d together r e s u l t s from d i f f e r e n t s t a t i o n s which 
-12 2 
gave a mean f o r d i r e c t measurements of 1.9 x 10 A^/m from 12 sets 
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and a mean f o r i n d i r e c t measurements of 2.8 x 10 A/ra from 26 sets. 
Hov/ever, the i n d i r e c t measurements contain a greater number of r e s u l t s 
from s t a t i o n s i n unpolluted areas such s.s ice caps and oceans and i t has 
been suggested (CHALMERS, 1957) t h a t the d i f f e r e n c e i s not r e a l l y ' 
. s i g n i f i c a n t . 
The problem of the tv.'o methods of determining a i r - e a r t h current 
appeared to have been f a i r l y d e f i n i t e l y solved by the agreement found 
between the NOLANS(1937) and HOGG(1939). 
However, LAW(1963) used Ebert ion counters to m.easure the number of 
small ions of both signs at four l e v e l s close t o the ground at a s i t e 
i n Cambridge. He also measured space charge and the p o t e n t i a l at 1m. 
He found t h a t the t o t a l c o n d u c t i v i t y decreased w i t h height under most 
c o n d i t i o n s . He concluded that t h i s was incompatible w i t h a conduction 
current constant w i t h height and tha t i t implied the existence of a 
convection current comparable w i t h the conduction current. He has been 
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able to give an account o i hi s r e s u l t s i i i v o l v i n g both t h i s convection 
current and a v a r i a t i o n i n i o n i s a t i o n w i t h height, thuF f a l l i n g between 
the theories of V/hipple and Chalmers. Law's apparatus d i f f e r e d 
s i g n i f i c a n t l y from that of Hogg and IIIGAZI and CHALMESS(1966) obtained 
r e s u l t s at the Durham Observatory s i t e i n general agreement with Law, 
while using c o n d u c t i v i t y apparatus very s i m i l a r to that of Hogg. Higasi. 
and Chalmers found t h a t both and decreased wi t h height. The 
average values of the r a t i o s of co n d u c t i v i t y at ground l e v e l , 20cms. and 
1 metre were:-
X i g A i 1-28 \^y^^ 1.15 
The suggestion derived from t h i s was that there was a s i g n i f i c a n t difference 
i n the conditions between Kew and Durham and Cambridge, p a r t i c u l a r l y i n -
the condensation-nuclei content, as the a i r at Kew has a high degree.of 
p o l l u t i o n compared v/ith the other s i t e s and consequently t h i s i s r e f l e c t e d 
i n the c o n d u c t i v i t y and p o t e n t i a l gradients. The p o t e n t i a l gradient a t 
Kev/ was generally about four times as great as those at Durham and 
Cambridge, Higazi and Chalmers also found t h a t a l l r a t i o s tended to u n i t y 
as the v;ind speed increased. They suggested that an e x p l a n a t i o n i n terms 
of t u r b u l e n t m i x i n g of the a i r near the ground would tend to a l i m i t i n 
strong v;indG, when the a i r i n the lowest metre was thoroughly mixed and 
shov/ed the Ga.me c h a r a c t e r i s t i c s wherever sampled. The mixing would 
overcome the separating e f f e c t of the e l e c t r i c f i e l d and would keep the 
r a t i o tending to u n i t y , although t h i s would leave the problem of how the 
current was c a r r i e d i n t o the ground i t s e l f unansv;ered. 
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The question of the importance of convection currents had been 
reopened by KRAAFCEVIK and CLARK(1958) w i t h the r e s u l t s they obtained 
outside the area close to the earth's surface. I f there v/as no s i g n i f i c a n t 
e f f e c t due to convection currents, the conduction current would be.the 
same at a l l l e v e l s i n the atmosphere. EVERLING-and WIGAF^Dd921), wit h 
e a r l i e r airborne measurements, had found the conduction current to decrease 
w i t h increasing a l t i t u d e , but KRAAKEVIK(1958) had found the conduction 
-12 2 
current constant w i t h height over Greenland at a value of 3.7 x 10 A/m . 
Over Chesapeake Bay, hov;ever, Kraakevik and Clark, measuring c o n d u c t i v i t y 
and p o t e n t i a l gradient from an a i r c r a f t near the boundary of the austausch 
region found that above the austausch, the conduction current was constant 
-12 2 
w i t h height at an average of 1,1 x 10 A/m . Within the austausch i n two 
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regions they found values of 1.5 x 10 A/m i n d i c a t i n g that the conduction 
current d i d a l t e r w i t h height. They considered that upv/ard convection 
of p o s i t i v e space charge w i t h i n the austausch would cause t h i s and t h e i r 
p o t e n t i a l gradient measurements showed space charge of about the r i g h t 
magnitude. U}) to t h i s time, those v/ho considered that Hogg's r e s u l t s were 
most s i g n i f i c a n t had accepted the Nolans' r e s u l t s as confirmatory and 
taken the 12 per cent d i f f e r e n c e that Nolan had explained as a convection 
current to be j u s t a loce.l d i f f e r e n c e . Kraakevik and Clark's r e s u l t s 
then gave some greater s i g n i f i c a n c e to t h i s convection current. They 
suggested t h a t the source of p o s i t i v e charge required to support a 
continuous convection current might be p o s i t i v e l y charged nu c l e i from 
combustion processes.(HUHLElSEN, 1956) Another major source could be 
the breaking of waves at sea.(BLANCHARD, I 9 6 I ) 
CHALMERS(1964), considering the simple case when the conduction, current 71 
w i t h i n the austausch was the same at a l l l e v e l s , showed that the t o t a l 
v e r t i c a l current during the time when convection v.-as occurring v;as less 
than the value v;hen there was no convection. This l a t t e r value would 
i t s e l f be less than the value of conduction v/ithin the austausch. 
However, the f a c t that the' t o t a l current i n t o the earth must be equal 
to the t o t a l v e r t i c a l current and not to the conduction current during . 
convection, again focussed a t t e n t i o n on the s i t u a t i o n close to the earth's 
surface. 
KASEHIR (1960) made an attempt to measure d i r e c t l y the a i r - e a r t h 
current i n the upper a i r , although i t has been shown that he v;as, i n 
f a c t , m e a s u r i n g F . He found that above the austausch, tlie a i r - e a r t h 
current density was the same at a l l heights and was nearly four times 
as large over Greenland as over tlie p o l l u t e d areas of the eastern U.S.A. 
His r e s u l t s i n the austausch v;ere not r e l i a b l e as matching was not 
achieved. UCHIKAVvA(1961) measuring the conduction current by the i n d i r e c t 
method found the value i n the austausch to be 1.3 times that above the 
austausch. 
H03G(1950, 1955) made attempts to r e l a t e the l o c a l c o n d u c t i v i t y at 
the earth's surface more p r e c i s e l y to the a i r - e a r t h current. At f i r s t 
he divided the columnar c o n d u c t i v i t y i n t o two parts; the upper part at 
high l e v e l s due to cosmic r a d i a t i o n and unaffected by l o c a l changes near 
the ground, and the lower part dependent on the surface conditions 
( i . e . r a d i o - a c t i v e m a t e r i a l and concentration of large and small ions) 
and a f u n c t i o n o f \ . I n the second attempt'he used the empirical 
equation f o r the v a r i a t i o n of c o n d u c t i v i t y w i t h height given by GISH and 
V/AIT(19i>0), X = + Ah^. Neither of these methods, however, can take 
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i n t o account the abrupt change i n c o n d u c t i v i t y at the upper boundary of 
the austausch region. 
BUIS(1967) has compared over f i f t y current density measurements 
derived i n four ways:-
1 . The p o t e n t i a l d i f f e r e n c e between the electrosphere and the earth 
and the columnar res i s t a n c e , 
2 . Measurements of p o t e n t i a l gradient and con d u c t i v i t y above the 
austausch, 
3. The d i r e c t method at the surface, 
k. The i n d i r e c t method at a height approximately 1 metre above the 
surface. 
He di v i d e s the s t a t i o n s i n t o three areas A. Polar, B. Oceanic and low 
polluT-ion area.s, C. Areas of high p o l l u t i o n , w i t h the f o l l o w i n g r e s u l t s , 
A . B C 
10"^ ''-A/m- 10"'^ A^/m^  1o"'^Vm^ 
1 . i = V/R 3A 2A 1.1 
2 . i F C X ^ + X ^ ) 3.3 1.8 ' 1 . 3 
3. D i r e c t i 3.0 - 1.2 
4 . i = F X ^ 3 . V 1.9 • l . i f 
at 1 metre 
• He r e i t e r a t e s V.'ATSON's(l929) suggestion of a convection current equal 
i n size t o F ^ ^. I n his survey he neglects those values f o r the conduction 
current measured on mountain s i t e s because of t h e i r dependence on .their 
-12 • 2 
l o c a l c o n d i t i o n s . Conduction currents of the order of I 3 x 10 A/m 
f o r instance, have been found on the summit of Jungfraujoch against normal 
values of 2,4- x 10 A/m" which, i f the conduction was to be the same at 
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a l l l e v e l s would, be anomalous. 
I n any deta.iled comparison of r e s u l t s from d i f f e r e n t areas, i t must 
also be remembered that the annual v a r i a t i o n s and sometimes d i u r n a l 
v a r i a t i o n s of the a i r - e a r t h current i n d i f f e r e n t places have shov/n-
d i f f e r e n t r e s u l t s . A l i s t of such va.riations was given by H0GG(1950)« 
I n general, i f i = \ F and i = V / S , as V and R vary less than)\ or F, i i s 
more nearly constant than X or F . R w i l l have a v a r i a t i o n inverse to 
th a t of X and of smaller amplitude and so i w i l l f o l l o w the changes i n 
X and give a v a r i a t i o n the inverse to F. 
S A G A L Y N and FAUGHER(1956) suggested that the v a r i a t i o n of the a i r 
-earth current could be described so 
I i i I'iK 1 ^  i ' d t ^ V d t " R d t * 
^ uiide. tal.utV'.iscvr 
7^ 
4 . 2 , Conclusions. 
I t has been shown th a t f o r an understanding of the f i n e weather 
e l e c t r i c a l phenom.ena i n the atmosphere i t i s necessary to m.easure the 
a i r - e a r t h current d i r e c t l y as w e l l as the co n d u c t i v i t y and p o t e n t i a l 
gradient, and t h a t , although the a i r - e a r t h current i s probably a more 
fundamental v a r i a b l e than the other two, i t s measurement'is more d i f f i c u l t 
and hence the state of the apparatus so f a r developed, less s a t i s f a c t o r y 
than the measurement of c o n d u c t i v i t y and p o t e n t i a l gradient. 
Provided t h a t the area concerned i s a f a i r sample of the earth's 
surface, the d i r e c t method of measurement at the surface w i l l give a 
measure of the actua l a i r - e a r t h c urrent. I f the r e s u l t s between t h i s 
and the i n d i r e c t method do not agree, i t can be i n f e r r e d t h a t the 
conduction current c a l c u l a t e d from the i n d i r e c t method does not comprise 
the v/hole c u r r e n t . I t i s , however, d i f f i c u l t to say how much of the 
t o t a l a i r - e a r t h current, measured by the d i r e c t method, i s conduction 
curr e n t , unless the components of the t o t a l a i r - e a r t h current can be 
measured at heights above the surface of the earth. D0LEZALEK(1960) took 
a number of measurements of F , i and A and discussed the various f a c t o r s 
t h a t would give apparent d e v i a t i o n from Ohm's lav/, f o r i f convection 
currents e x i s t , then deviations from Ohm's law w i l l appear. He came to 
the conclusion that a comparison of r e s u l t s from the two methods of 
determining the a i r - e a r t h c u r r e n t ' i s not s u f f i c i e n t to give the convection 
c u r r e n t . I f the c o n s t r u c t i o n a l and operational d i f f i c u l t i e s can be 
solved, then a system such as was attempted here may w e l l give a measure 
of the importance of the convection currents i n the lower region of the 
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atmosphere. I t may be also t h a t conclusions based on s i m i l a r measurements 
at d i f f e r e n t heights are I P S S l i a b l e t o er r o r than those based on a 
comparison of r e s u l t s from, d i f f e r i n g measuring methods. The d i f f i c u l t i e s 
of d e f i n i n g a system from measurem.ents m.ade from one boundary, the 
negative electrode, of the system are enhanced by the f a i l u r e of the 
theory of the simple electrode e f f e c t to s a t i s f y the conditions found i n 
p r a c t i c e . This i s not only because of the v a r i a t i o n i n ra t e of i o n i s a t i o n 
at the earth's surface, but also because of the presence of turbulent 
mixing close t o the earth's surface. The assumptions of the q u a s i s t a t i c 
state a n d of h o r i z o n t a l s t r a t i f i c a t i o n lead to a current density the 
same at a l l l e v e l s . The r e s u l t s from the i n d i r e c t method suggesting the 
conduction current i s not constant w i t h height leads to the assumption 
t h a t some other current, the convection current must also not be constant 
v ; i t h h e i g h t . 
The development of analogue computing techniques makes i t feas i b l e to 
consider the development of model systems f o r the t h e o r e t i c a l solutions 
to these problem.s, i f s u f f i c i e n t primary information can be gathered 
under known condi t i o n s . ISR.AEL(1957) ca l l e d f o r synoptic measurements of 
F, i and X to be made to s e i D a r a t e l o c a l e f f e c t s from those w i t h a world-
wide basis and the separation of l o c a l e f f e c t s i s e s s e n t i a l , i f r e s u l t s 
are to be compared between d i f f e r e n t s i t e s . I t has been shov/n that the 
degree of p o l l u t i o n and the presence or absence of the electrode e f f e c t 
has in f l u e n c e d the conclusions drawn from experimental r e s u l t s i n the 
past. The separation of l o c a l e f f e c t s from more.fundamental v a r i a t i o n s 
i s the more important, since COLLIN, GROOM and HIGAZI(1965) have indicated 
periods of a u t o - c o r r e l a t i o n that i n d i c a t e the atmosphere has a 'memory'. 
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Their analysis of KIGAZI and CHALMERS'(1966) r e s u l t s i n d i c a t e d that the 
length of the memory was due mainly to the replacement and mixing of the 
a i r by.the.wind, although some small e f f e c t was made by the exponential 
r e l a x a t i o n of e l e c t r i c a l phenomena i n the atmosphere. 
WHITLOCK and CHALMERS(1956) found v a r i a t i o n s i n the fine' weather 
p o t e n t i a l gradient t h a t suggested the movement of wind borne pockets of 
space charge. BENT and HUTCHINS0N(1966) found r e p e t i t i v e patterns i n space 
charge records that had t h e i r counterparts i n the wind speed, temperature 
and humidity records and suggested the movement of wind borne convection 
c e l l s . 
SERBU and TRENT(1958) found changes i n c o n d u c t i v i t y before the onset 
of fog(and before i t s d i s s i p a t i o n t o o ) . DOLSZu'i.LEKd962) found that the. 
c o n d u c t i v i t y decreased and the p o t e n t i a l gradient increased about 1 to 2 
hours before fog appeared. The care v/ith'which a p i t e must be chosen has 
already been i n d i c a t e d but these l a s t f i n d i n g s r a i s e the question of the 
choice of periods f o r a n a l y s i s . 
I t has been usual f o r f i n e weather phenomena to choose days that 
appear undisturbed e i t h e r from mcteorologica.l or. p o t e n t i a l gradient records, 
but ISRAEL and LAHHAYER(19^8) suggested that conclusions should be based 
on the analys i s of a l l records except those when p r e c i p i t a t i o n was a c t u a l l y 
i r r i n g . 
The f u l l separation of l o c a l influences on the value of the conduction 
current and the importance of the convection current must therefore c a l l 
f o r f u l l y automatic recording. Indeed,,it may prove that the automatic 
p r o v i s i o n of a d i g i t a l output f o r computer access may be the only 
sa-tisfactory method of overcoming the problem of the displacem.ent current, 
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i f the d i r e c t method of measurement i s to be used above ground l e v e l . 
BENT and HUTCHINSON(1966) have demonstrated such a system f o r f u l l y 
automatic recording and automatic data-logging systems f o r the remote 
recording of meteorological variables have been commercially available f o r 
some t i m e ( l 2 ) . 
I t i s , t h e r e f o r e , suggested that the understanding of the importance 
of the components of the air-earth.current' would be m a t e r i a l l y advanced, 
i f standardised equipment could be set up to run simultaneously and 
continuously at three s i t e s . 
I t i s suggested that the variables that should be measured are 
a.) a i r - e a r t h current by the d i r e c t method, b.) conductivity., c.) 
p o t e n t i a l gradient, d.) space charge, and e.) wind speed, 'and tha t 
the equipment should be b.ased on a.) a properly engineered double 
c o l l e c t i n g p l a t e w i t h a computer calculated compensation f o r displacement 
cu r r e n t , b.) a c o n d u c t i v i t y measuring system a f t e r HIGAZI and CHALMERS' 
(1960), c.) a f i e l d m i l l or passive probe system, and d.) space charge 
apparatus a f t e r BEIJT ('1 96'^ -). 
I t i s suggested that such apparatus should be placed i n three 
C c r e f u l l y c?iosen s i t e s , one i n a p o l l u t e d area, one i n an area free from 
p o l l u t i o n and one i n an area where the electrode e f f e c t was found t o 
occur. 
Obviously a p r o j e c t of t h i s size would probably require some 
i n t e r n a t i o n a l cooperation f o r i t i s u n l i k e l y that a l l three sites- would 
be found i n t h i s country. However, the meteorological sciences have long 
shown the lead i n such forms of s c i e n t i f i c cooperation. The project would 
also be expensive, but i n terms of economic and s c i e n t i f i c r e t u r n , i t 
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might be preferable to standardise on equipment at t h i s stage and obtain 
a long period of r e s u l t s r a t h e r than f o r i n d i v i d u a l , researchers, especially 
research students, to develop t h e i r own variants of appa.ratus and be often 
w i t h r e s u l t s , covering very small j^eriods of time. 
I t i s also true that i n favourable economic climates, government 
organisations have been prepared t'o spend such mioney as would be required 
i n t h i s f i e l d . I n p a r t i c u l a r , the author i s g r a t e f u l f o r the r e c e i p t of 
a U.S. Navy grant. He i s also g r a t e f u l f o r the p r i v i l e g e of studying 
under the l a t e Professor J.A. Chalmers and Dr. V.'.C„A. Hutchinson. 
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